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Summary
Marine macroalgae are distributed worldwide along coastlines and form the basal
resource of marine benthic communities. A key role in regulating the biomass of
seaweeds and thereby the organization and functioning of rocky shore communities play
herbivores.
Seaweeds use a variety of defensive metabolites, morphological structures and/or
life history characteristics to counter herbivory. These defenses are either continuously
present (constitutive defense) or produced on demand (inducible defense). Inducible
defenses have been shown to be triggered by a direct physical contact with an herbivore
or by water-borne cues released by grazer-wounded adjacent seaweeds.
Since some of the studies dealing with seaweed »communication« yielded contradictory
results and only few seaweed-herbivore systems have been used for detecting the release
of water-borne cues, the experiments presented in this thesis tested whether the brown
seaweed Fucus vesiculosus responds to water-borne cues from conspecific neighbors
grazed by the isopod Idotea baltica or the periwinkle Littorina obtusata.
Furthermore, temporal variations in induced anti-herbivory traits and underlying
cellular mechanisms have been largely neglected in the study of seaweed-herbivore
interactions. This thesis represents the first attempt that has been made to system-
atically explore seaweed gene regulation in response to grazing. Fluctuations in the
induced defense of F. vesiculosus as well as changes in gene expression occurring in
response to I. baltica and L. obtusata attack were assessed and compared. Furthermore,
seaweed-mediated indirect interactions among the two herbivore species were examined
and linked to similarities in the transcriptional response of F. vesiculosus.
Several induction experiments were conducted in which F. vesiculosus was exposed
to (1) I. baltica grazing, (2) L. obtusata grazing, (3) water-borne cues released by
isopod-grazed conspecific neighbors, and (4) water-borne cues from periwinkle-grazed
conspecific neighbors for a four-week period. Induction of chemical defenses was moni-
tored in 3 day intervals to reveal temporal variations in the defense status. In addition,
gene expression in response to isopod and periwinkle grazing was assessed by microarray
hybridizations at specific points in time during the induction phases.
Direct grazing by both herbivores induced a chemical defense in F. vesiculosus. Anti-
herbivory traits were not expressed permanently after the first appearance, but repeat-
edly vanished and re-appeared within a few days. These results suggest a finely adjusted
response to grazing in F. vesiculosus. A temporally variable defense pattern may
improve the seaweed’s cost/benefit ratio by investing resources only when absolutely
necessary and may in addition complicate counter-adaptations of herbivores.
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Furthermore, F. vesiculosus responded to grazing by I. baltica and L. obtusata with a
multitude of transcriptional changes. Microarrays demonstrated differential expression
of 1,148 and 426 genes in response to isopod and periwinkle grazing, respectively.
Approximately one quarter of these differentially regulated genes had known functions
and three integral parts of the anti-herbivory response were identified. First, herbivore
grazing increased the expression of genes involved in catabolic processes. Degradation of
storage compounds most probably increased to make resources available for secondary
defense pathways, providing evidence for costs that have to be paid for herbivore
resistance. Second, various genes encoding photosynthesis-related proteins were strongly
down-regulated in response to grazing, possibly to facilitate resource allocation to
secondary metabolism due to reduced investment in photosynthetic proteins and/or to
reduce herbivore attraction by the feeding cue mannitol, which is the primary product of
photosynthesis in F. vesiculosus. Third, grazing by I. baltica increased the expression of
several putative defense genes, some of which are also involved in the defense responses
of vascular plants.
Furthermore, the observed similarity in the transcriptional response of F. vesiculosus
to isopod and periwinkle grazing was reflected in a seaweed-mediated indirect interaction
among the two herbivores (i.e. grazing by L. obtusata increased also resistance to I.
baltica), illustrating that other community members of seaweed-based food webs are
unavoidably affected by induced defense traits.
On the other hand, also differences in the transcriptional response of F. vesiculosus
to I. baltica and L. obtusata grazing were observed. However, since only few of these
herbivore-specific genes had known functions, it can only be assumed that isopod and
periwinkle grazing resulted in the production of similar secondary metabolites (because
a low specificity was observed in the effect of the induced defense) and that differences
in gene regulation may have been caused by herbivore-specific signaling pathways.
In contrast, neither I. baltica nor L. obtusata grazing on neighboring seaweeds
induced a defense response in F. vesiculosus, constituting strong evidence against
»communication« between Fucus individuals. Since F. vesiculosus grows in moderately
defense, mixed stands the study site, the presence of grazers on a nearby conspecific
may not reliably predict upcoming attack, thereby impeding »communication« between
neighboring F. vesiculosus individuals.
By gathering the presented knowledge about induced chemical anti-herbivory traits
in the brown seaweed F. vesiculosus, this thesis initially casted light on important
aspects of the mechanisms by which this seaweed counters herbivore attack. Therewith
it represents a further step towards the understanding of seaweed-herbivore interactions
and their importance in intertidal communities.
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Zusammenfassung
Marine Makroalgen sind weltweit an Felsküsten verbreitet und bilden die Basis des
Nahrungsnetzes mariner Hartbodengemeinschaften. Einen großen Einfluss auf das
Wachstum und die Verbreitung von Makroalgen, und damit auch auf die Organisation
und Funktionsweise dieser Gemeinschaften, nehmen Weidegänger.
Makroalgen sind in der Lage, sich mit verschiedenen Sekundärmetaboliten und/oder
Strukturen gegen diese Weidegänger zu verteidigen. Solche Verteidigungen können dau-
erhaft ausgeprägt sein (konstitutive Verteidigung) oder nur bei Bedarf initiiert werden
(induzierte Verteidigung). Eine Fraßabwehr kann z.B. durch einen direkten Kontakt mit
einem Weidegänger oder durch Substanzen, die von beweideten Nachbaralgen freigesetzt
werden, induziert werden.
Da jedoch einige Studien zur »Kommunikation« zwischen Algenindividuen wider-
sprüchliche Ergebnisse erhalten haben und zudem nur wenige Alge-Herbivor-Systeme
auf die Freisetzung von Botenstoffen nach Beweidung getestet wurden, war es ein Ziel
dieser Doktorarbeit, zu prüfen, ob die Braunalge Fucus vesiculosus auf Botenstoffe
von Nachbarindividuen, die von der Meerassel Idotea baltica oder der Strandschnecke
Littorina obtusata beweidet werden, mit der Induktion einer Fraßverteidigung reagiert.
Außerdem wurden zeitliche Schwankungen der induzierten Verteidigung und die
zugrundeliegenden zellulären Mechanismen bisher nicht in die Untersuchung von Alge-
Herbivor-Interaktionen eingeschlossen. Diese Doktorarbeit stellt daher die erste umfas-
sende Studie zur Regulation von Makroalgengenen bei Beweidung dar. Schwankungen
im Verteidigungsstatus der Braunalge F. vesiculosus sowie Veränderungen der Gen-
expression, die bei Beweidung durch I. baltica und L. obtusata auftraten, wurden
erfasst und miteinander verglichen. Im Hinblick auf mögliche Ähnlichkeiten in der
transkriptionalen Antwort von F. vesiculosus auf Meerasseln und Strandschnecken
wurden ebenfalls indirekte Interaktionen zwischen beiden Weidegängern, die durch die
induzierte Fraßverteidigung vermitteltet werden können, untersucht.
Es wurden mehrere Induktionsexperimente, in denen F. vesiculosus für vier Wochen (1)
der Beweidung durch I. baltica, (2) der Beweidung durch L. obtusata (3) Botenstoffen von
Assel-beweideten Nachbarindividuen und (4) Botenstoffen von Schnecken-beweideten
Nachbarindividuen ausgesetzt wurde, durchgeführt. In dreitägigen Intervallen wurde
dabei auf Induktion einer chemischen Fraßabwehr getestet, um Schwankungen im Ver-
teidigungsstatus der Alge zu erfassen.
Direkte Beweidung durch beide Weidegänger induzierte eine chemische Verteidigung
bei F. vesiculosus. Diese wurde abwechselnd an- und abgeschaltet. Dies weist auf
eine präzise regulierte Verteidigung von F. vesiculosus hin, bei der ein zeitlich va-
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riables Verteidigungsmuster zur Verbesserung des Kosten-Nutzen-Verhältnisses dient
(indem Ressourcen nur wenn unbedingt notwendig investiert werden) und außerdem
Anpassungen von Herbivoren an die Verteidigung der Alge erschwert.
Fucus vesiculosus reagierte auf Beweidung mit einer Vielzahl von transkriptionalen
Veränderungen. Microarrays deckten eine Veränderung in der Expression von 1.148
bzw. 426 Genen nach Beweidung durch Asseln bzw. Schnecken auf. Einem Viertel der
regulierten Gene konnte Funktionen zugeordnet und dadurch drei zentrale Bestandteile
der induzierten Abwehr identifiziert werden.
Erstens wurden nach Beweidung vermehrt Gene, die an katabolischen Prozessen be-
teiligt sind, exprimiert. Speicherstoffe wurden möglicherweise abgebaut, um Ressourcen
für sekundäre Stoffwechselwege verfügbar zu machen. Dies weist darauf hin, dass Kosten
für die Abwehr entstehen.
Zweitens wurde eine ausgeprägte Herunterregulation von Photosynthese-relevanten
Genen beobachtet. Durch eine verminderte Investition in Photosynthese-assoziierte
Proteine können Ressourcen für den Sekundärmetabolismus verfügbar gemacht werden
und die Attraktivität für Asseln durch einen reduzierten Mannitol-Gehalt (primäres
Speicherprodukt der Photosynthese in F. vesiculosus) verringert werden.
Drittens wurden hauptsächlich nach Beweidung durch I. baltica vermehrt mögli-
che Verteidigungsgene, von denen einige ebenfalls eine Rolle bei der Fraßabwehr von
terrestrischen Pflanzen spielen, exprimiert.
Die beobachteten Ähnlichkeiten in den ausgelösten transkriptionalen Veränderungen
zwischen Asseln und Schnecken spiegelten sich in einer indirekten Interaktion wider,
indem die von L. obtusata ausgelöste Verteidigung ebenfalls gegen I. baltica wirkte.
Dies zeigt, dass auch andere Mitglieder der Hartbodengemeinschaft von Verteidigungs-
mechanismen beeinträchtigt werden und sich Interaktionen zwischen diesen Mitgliedern
durch die Induktion einer Fraßabwehr in einer Alge verändern können.
Auf der anderen Seite ließen sich auch Unterschiede in der transkriptionalen Antwort
von F. vesiculosus zwischen beiden Weidegängern erkennen. Allerdings konnte nur
wenigen spezifisch induzierten Genen eine Funktion zugeordnet werden. Da Beweidung
durch die Strandschnecke eine Verteidigung induzierte, für die auch Meerasseln sensibel
waren, könnte Beweidung durch I. baltica und L. obtusata zur Produktion ähnlicher
oder identischer Sekundärmetaboliten in F. vesiculosus führen. In diesem Fall könnten
die beobachteten Unterschiede in der Genexpression auf herbivor-spezifische Signalwege
zurückzuführen sein.
Beweidung von Nachbaralgen induzierte dagegen keine Abwehr in F. vesiculosus. Da
F. vesiculosus im Untersuchungsgebiet nur in mäßig dichten, gemischten Beständen
vorkommt, ist die Anwesenheit eines Weidegängers auf einer Nachbarlage möglicher-
weise kein zuverlässiger Hinweis auf eine bevorstehende Attacke, was die »Kommu-
nikation« zwischen Algenindividuen mögicherweise verhindert.
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Zusammenfassung
Diese Arbeit beleuchtet verschiedene Aspekte der induzierten Fraßverteidigung der
Braunalge F. vesiculosus und gewinnt wichtige Erkenntnisse über die Mechanismen,
die dieser Verteidigung zugrunde liegen. Damit stellt sie einen wesentlichen Schritt auf
dem Weg zu einem ganzheitlichen Verständnis von Alge-Weidegänger-Interaktionen
und deren Bedeutung in marinen Hartbodengemeinschaften dar.
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1 Introduction
1.1 Marine macroalgae
Marine macroalgae (seaweeds) are distributed on rocky shores throughout the world
(Reiskind et al., 1989, Lüning, 1990), where they anchor to the hard substrate in
the subtidal and intertidal zone. Although marine macroalgal assemblages inhabit
only a small percentage of the world’s seafloor, they belong to the most productive
systems on earth (Tait & Schiel, 2011) and account – together with seagrasses – for
approximately 5% of the oceanic primary production (Smith, 1981). Seaweeds are a
large and taxonomically heterogeneous group of organisms and can be divided into
three groups: Chlorophyta, Rhodophyta and Phaeophyta, which are – based on their
light harvesting pigments – also referred to as green, red and brown algae, respectively
(reviewed by McClintock & Baker, 2001, Fig. 1.1). Among the species within these
three divisions there is considerable ecological and physiological variation, e.g. in
morphology, reproductive strategies, and also in the interaction with other members of
the community (reviewed in Lobban, 1994, Toth & Pavia, 2007).
In general, marine macroalgae are accepted as key species in structuring coastal
ecosystems, because their interactions with other taxa in marine benthic communities
are fundamental for the dynamics of these communities (reviewed by Schiel, 2004).
They provide a multitude of ecosystem services with a value of US $ 3.8 trillion per year
(Costanza et al., 1997), e.g. by maintaining nutrient cycling and providing food, shelter,
and nurseries for several other organisms, such as fishes, crustaceans, and mollusks (e.g.
Schultze et al., 1990). Furthermore, seaweeds are of increasing economic importance as
food, source for specific carbohydrates (e.g. mannitol, laminarin, alginate, carrageen),
and iodine (Crépineau et al., 2000) as well as cosmetics, fertilizer, pharmaceuticals
(reviewed by McLachlan, 1985) and biofuel (Hossain et al., 2008).
1.2 Macroalgae and herbivory
As marine macroalgae live in a buoyant medium and take up nutrients through their
thallus, they do not allocate biomass to below-ground structures and do not contain
a lot of structural tissue with little nutritional value as vascular plants do. Seaweeds
are therefore highly available to grazers (reviewed by Hay, 1991) and their abundance
and distribution is strongly influenced by herbivores (Duffy & Hay, 2000). On a global
scale, marine herbivores reduce producer abundance by 68% on average, which exceeds
herbivore consumption in terrestrial habitats (reviewed by Poore et al., 2012). Not
only large herbivores (e.g. fishes and sea urchins), but also small mesoherbivores
1
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Eukaryotes 
Figure 1.1: Eukaryotic tree of life. Green, red and brown algae are indicated with colored
arrows. Figure modified from Baldauf et al. (2004).
(amphipods, isopods, and gastropods; sensu Brawley, 1992), exert strong control on
benthic primary producers (reviewed by Poore et al., 2012). Especially in temperate
areas herbivory is often dominated by these mesoherbivores with a size range from 1 to
24mm that usually live on the seaweeds they consume (Hay et al., 1987, Brawley, 1992).
Despite their low feeding rates in comparison to larger herbivores, mesoherbivores have
the potential to change the composition of seaweed communities, e.g. by grazing on
juvenile seaweed stages (Worm & Chapman, 1998). Furthermore, they can occur in
high densities and often reside on seaweed fronds to seek shelter from predation and/or
thermal and desiccation stress (e.g. Duffy & Hay, 1991, Bruno et al., 2003). Herbivory
has been shown to have a significant impact on the structure of seaweed communities
and macroalgae have evolved a range of defense strategies to counter the strong grazing
pressure exerted by herbivores (reviewed by Hay & Steinberg, 1992).
1.3 Anti-herbivory traits
In the presence of herbivores, strategies that reduce the probability of damage resulting
from grazing are required to maximize individual fitness. Thus, to impede or reduce
herbivory seaweeds have evolved numerous effective strategies to ward off herbivore
attack. Lubchenco and Gaines (1981) defined the expected future damage inflicted by
herbivores for a given seaweed as follows:
Expected herbivore damage = P(En) × P(Ea|En) × E(1-wgiven En and Ea)
where P(En) and P(Ea|En) represent the probability that the seaweed will be
2
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encountered by an herbivore and the conditional probability that the herbivore will
at least eat part of the seaweed in case the herbivore encounters it, respectively.
E(1-wgiven En and Ea) is the expected reduction in fitness after herbivore attack relative
to an undamaged seaweed. From this definition it becomes evident, that there are three
classes of strategies against herbivores. First, contact with an herbivore can be avoided
(P(En) = 0), e.g. by growing (1) in habitats or at times of year in which herbivore
activity is low (e.g. Lubchenco & Cubit, 1980) or (2) in association with an unpalatable
species (e.g. Pereira et al., 2010). Second, seaweeds can minimize the decrease in
fitness that results from herbivore attack (E(1-wgiven En and Ea) = 0), e.g. by rapid
growth and/or reproduction (reviewed by Duffy & Hay, 1990). Third, consumption by
herbivores can be impeded by defense mechanisms (P(Ea|En) = 0). Numerous seaweed
species use anti-herbivory defenses to deter grazers (reviewed by Toth & Pavia, 2007).
These defense mechanisms can be described according to the deterrent trait (chemical
or morphological defense), their degree of plasticity (constitutive, activated, or induced
defense), and their mode of action (direct or indirect defense).
1.3.1 Morphological and chemical anti-herbivory traits
Several seaweed species use morphological anti-herbivory defenses to reduce their
vulnerability to grazers. Morphological defenses diminish the nutritional value of
seaweeds and/or increase the toughness of seaweed tissue to make it more difficult to
bite. This is achieved, for instance, by the addition of indigestible structuring materials
(e.g. calcium carbonate, Pennings & Paul, 1992).
In contrast, chemical defenses involve toxic, palatability- or digestibility-reducing
secondary metabolites (reviewed by Toth & Pavia, 2007). These metabolites have been
shown to have negative effects on herbivore performance (e.g. Toth et al., 2005). Several
hundreds of secondary compounds have been isolated from marine macroalgae, including
acetogenins, amino acid derivatives, aromatic compounds, halogenated compounds,
polyphenols, and terpenes (reviewed by Hay & Fenical, 1988). It was suggested that
many of these compounds act as herbivore deterrents (Hay & Fenical, 1988). For example,
increased polyphenol (e.g. phlorotannin) synthesis was shown after simulated herbivory
in the brown seaweeds Ecklonia radiata (Lüder & Clayton, 2004), Fucus distichus (van
Alstyne, 1988), and F. vesiculosus (Yates & Peckol, 1993) as well as in response to
natural herbivory in the brown seaweed Ascophyllum nodosum (Pavia & Toth, 2000)
and have also been correlated with reduced susceptibility to grazers in several other
studies (e.g. Steinberg, 1985, Martínez, 1996). However, other investigations showed no
correlation with herbivore resistance (e.g. Steinberg & van Altena, 1992, Targett et al.,
1995) and there is evidence that deterrence against some herbivores may be achieved
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in F. vesiculosus by galactolipids and a non-phenolic compound instead (Deal et al.,
2003).
1.3.2 Plasticity of anti-herbivory traits
Constitutive defenses are constantly expressed morphological or chemical anti-herbivory
traits that reduce the seaweed’s susceptibility to grazing or affect herbivore fitness
and/or survivorship (reviewed by Karban & Baldwin, 1997). Alternatively, activated
defense mechanisms can be used. In this type of defense precursors of chemical defense
substances are maintained in high concentrations in seaweed tissues and activated
within seconds by herbivore damage (Cetrulo & Hay, 2000).
However, plant defenses can be costly to produce and to maintain (Zangerl et al.,
1997, Baldwin, 1998). For example, costs can arise when chemical defense traits are
toxic not only to grazers, but also to the producer and have to be stored and deployed in
a way that prevents autotoxicity (Baldwin & Callahan, 1993). Also allocation costs may
occur, because resources have to be diverted away from primary metabolic processes,
such as growth and reproduction (reviewed by Cronin & Hay, 1996). Thus, activated
and especially constitutive defenses may be unnecessarily expensive when they are not
always needed. Therefore, it can be advantageous for a seaweed to defend itself only
in response to actual herbivory (reviewed by Karban & Baldwin, 1997). Such induced
defenses can be considered as »immune-like«, phenotypically plastic responses (reviewed
by Karban et al., 1999) and have been reported from numerous seaweed-herbivore
systems (reviewed by Toth & Pavia, 2007). The advantage of inducible defenses is that
the seaweed incurs potential costs of defense only when the benefit of this defense is
realized (Zangerl & Rutledge, 1996). It was suggested that inducible defenses are most
effective in an environment with a variable grazing risk, where reliable environmental
cues are required for induction, e.g. direct physical contact with an herbivore (reviewed
by Karban & Baldwin, 1997). A meta-analysis revealed that brown and green seaweeds
frequently induce anti-herbivory resistances, mostly in response to grazing by small
crustaceans, while induced defenses seem to be less common in red seaweeds (Toth &
Pavia, 2007).
Potential costs for defense may be even more reduced by using a temporally highly
variable inducible defense pattern. However, although herbivore-induced defense re-
sponses have long been studied in marine algae (reviewed by Amsler & Fairhead, 2005),
temporal variation in induced seaweed defenses was rarely investigated. Most studies
used feeding preference assays to test for the induction of defenses after a grazing period
of approximately two weeks to allow accumulation of defense metabolites (e.g. Pavia &
Toth, 2000, Ceh et al., 2005, Macaya et al., 2005, Molis et al., 2006, but see Rohde &
Wahl, 2008a). However, a pulsating temporal defense pattern was recently found in
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Figure 1.2: A model illustrating defense induction and reduction in seaweeds. Anti-herbivory
defenses are induced within several days after onset of herbivory. Afterwards, the defense
level may (A) be maintained or (B) show small-scale temporal variations until herbivory is
terminated.
the induced anti-herbivory defense of the brown seaweed Ascophyllum nodosum (Fig.
1.2) (Flöthe & Molis, 2013). Such highly dynamic defense strategies may also occur
in other seaweed species, but may have been undiscovered until now. Hence, to assess
the generality of »pulsating« anti-herbivory responses in seaweeds, further studies are
needed to eliminate the tremendous lack of knowledge regarding temporal variation in
induced defenses.
1.3.3 Direct and indirect anti-herbivory traits
While some resistance traits (e.g. toxins) directly function as defenses, others function
indirectly. These traits involve the top-down control of herbivores by higher trophic
levels, such as predators, which act as seaweed defending agents (reviewed by Arimura
et al., 2005). Indirect defense responses require the release of chemical signal com-
pounds, referred to as water-borne cues. Coleman and colleagues (2007a), for example,
showed that the brown seaweed Ascophyllum nodosum is able to release water-borne
signals in response to periwinkle-grazing that attract natural enemies of the periwinkle
Littorina obtusata (Fig. 1.3).
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Figure 1.3: Seaweeds may respond to herbivory with the induction of (1) direct anti-herbivory
defenses (black solid arrow) and (2) indirect anti-herbivory defenses (red arrow) via the emission
of water-borne cues (broken arrow), which may attract natural enemies of the herbivore.
1.4 »Communication« via water-borne cues
As water-borne cues released by grazed algae become »public« information, they may
be also sensed by neighboring seaweeds. Three decades ago, researchers discovered that
terrestrial plants apparently »eavesdrop« on their neighbors, since herbivore attack
resulted in increased resistance to herbivory not only in the attacked plant but also in
plants growing nearby (reviewed by Baldwin & Schultz, 1983). By sensing chemical
cues from grazed neighbors, undamaged plants may induce or prime their defenses
prior to attack (Baldwin et al., 2006; Fig. 1.4). Similar findings have been reported
for the marine environment. In fact, water is the ideal medium for the evolution of
chemical signal interactions due to its physical properties. The comparatively high
viscosity of water leads to signal gradients that persist longer than chemical gradients
in a gaseous atmosphere and, thus, facilitates the success of cue-mediated ecological
interactions (see review by Pohnert et al., 2007). Toth and colleagues (2004), for
example, showed that the marine dinoflagellate Alexandrium ostenfeldii induced an
increased resistance to a parasitic flagellate after exposure to filtered water from cultures
of parasite-infected conspecifics. Similar responses to water-borne cues occur also in
Figure 1.4: Seaweeds may respond to herbivory with (1) the induction of anti-herbivory
defenses (solid arrows) and (2) the emission of water-borne cues (broken arrow), which may
elicit defense responses in neighboring seaweeds.
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benthic systems. Increasing evidence for the induction of defenses after exposure to
chemical signals in marine macroalgae is provided. Toth and Pavia (2000), for example,
initially showed induction of defenses in Ascophyllum nodosum individuals that were
located downstream of periwinkle-grazed conspecifics. Following this study, several other
investigations found evidence for the induction of defenses in response to water-borne
cues in green, red and brown seaweed species (e.g. Arnold et al., 2001, Rohde et al.,
2004, Macaya et al., 2005, Díaz et al., 2006, Yun et al., 2007, Haavisto et al., 2010).
However, other studies were not able to show information transfer via water-borne cues
(e.g. Sotka et al., 2002, Weidner et al., 2004, Macaya & Thiel, 2008, Rohde & Wahl,
2008b) or yielded contradictory results (Yun et al., 2012). The ability of seaweeds to
»communicate« in response to herbivore attack has been tested only for few naturally
occurring seaweed/herbivore combinations. Hence, additional research is needed to
properly evaluate »communication« among brown algal individuals and its potential
ecological relevance.
1.5 Indirect interactions mediated by induced
anti-herbivory traits
Inducible defenses do not only reduce a seaweed’s susceptibility to herbivore attack but
have also the potential to modify the feeding behavior of grazing herbivores (e.g. Borell
et al., 2004). As seaweeds often host multi-species assemblages of associated grazers in
nature (Buschbaum et al., 2006), competition between different herbivore species may
be mediated by induced changes in seaweed traits (reviewed by Denno & Kaplan, 2007;
Fig. 1.5). Such trait-mediated indirect interactions (TMIIs) occur among temporally
Figure 1.5: Seaweeds may respond to grazing by an herbivore with the induction of anti-
herbivory defenses (solid arrows) not only to the inducing herbivore but also to another
herbivore species. Thereby, induced anti-herbivory defenses have the potential to mediate
indirect interactions between different herbivore species (broken arrow).
and/or spatially separated as well as taxonomically distinct herbivore species (reviewed
by Ohgushi, 2005). TMIIs may also involve higher trophic levels, such as predators
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and have the potential to affect community organization and biodiversity (reviewed
by Ohgushi, 2005). Although other community members are unavoidably affected by
induced seaweed traits, anti-herbivory defenses have typically been studied only for
pairwise seaweed-attacker interactions (e.g. Borell et al., 2004, Hemmi et al., 2004, Ceh
et al., 2005, Toth et al., 2007, Haavisto et al., 2010; but see e.g. Long et al., 2007, Molis
et al., 2010 Yun et al., 2010).
1.6 Gene expression in response to herbivory
When attacked by an herbivore, wound- and herbivore-specific elicitors activate various
signaling pathways in vascular plants, leading to a fine-tuned metabolic reconfiguration
and the coordinated expression of numerous defense-related genes (reviewed by Kessler
& Baldwin, 2002). As a result of these changes, plants allocate resources to regrowth
(tolerance), the production of defense metabolites (direct defense) and/or the production
of volatile signals to attract natural enemies (indirect defense).
While these processes have been studied in detail at the molecular level in vascular
plants, far less research has been performed on seaweed gene expression. Furthermore,
although the ability to acquire molecular data has increased in recent years, the capacity
to interpret this data is limited (see Pavey et al., 2012), because the identification of
gene functions is dependent on comparisons with sequences from model-organisms, e.g.
by BLAST (Basic Local Alignment Search Tool; Altschul et al., 1990). This is especially
true for brown algae, which are only very distantly related to vascular plants (Fig. 1.1).
Due to long 3’UTR sequences and the evolutionary distance between brown seaweeds
and available sequence data from other taxa used for sequence comparisons, a large
fraction of genes remains without functional annotation in brown algal molecular studies
(Apt et al., 1995, Pearson et al., 2010). However, it is possible to draw conclusions
about the function of unknown genes that show similar patterns across environmental
conditions in different species (see Pavey et al., 2012). Such »ecological annotation« may
allow the selection of candidate genes for a trait of interest, such as anti-herbivory
defenses, and a meaningful interpretation of seaweed gene expression data.
Unfortunately, interactions with herbivores have not been the focus of seaweed
molecular studies, which are generally scarce and mostly constrained to genes involved
in carbohydrate synthesis (e.g. Zhou & Ragan, 1995), resistance to toxic metals
(Owen et al., 2012) or epiphytes (Weinberger et al., 2011a), and acclimation to abiotic
stresses (Dittami et al., 2009, Pearson et al., 2010, Heinrich et al., 2012b). Considering
the ecological and economic importance of seaweeds, an expansion of our knowledge
regarding cellular processes underlying seaweed-herbivore interactions at the molecular
level is of particular importance. This is especially true for brown algal species of the
genera Laminaria, Undaria, and also Fucus, which are cultivated and used e.g. as food
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or for phycocolloid production (reviewed by Zemke-White & Ohno, 1999). As cultivated
macroalgae are often prone to herbivore and pathogen attack (reviewed by Titlyanov &
Titlyanova, 2010), detailed insights into seaweed defense mechanisms may also help to
increase the profitability of seaweed cultures.
1.7 The microarray technology: a valuable tool for
investigating anti-herbivory traits
In order to advance the mechanistic understanding of seaweed anti-herbivory responses,
cellular processes involved in defense induction should also be studied at the level of gene
expression. Gene expression is the process by which the genetic information contained
in the DNA of an organism is transcribed to messenger RNA, which is then translated
to a protein. However, not all genes are expressed in the same way in all cells, at all
times, and under all conditions. For example, different patterns of gene expression may
occur in grazed and ungrazed seaweed tissue, which in turn control the production of
proteins. This gene expression profile can be examined with microarrays. Microarrays
are an exceptional tool for studying basic processes underlying specific seaweed traits,
because the expression of thousands of genes in a given sample can be analyzed at the
same time and various samples can be compared with each other. The fundamental
principle of microarrays is the hybridization of two complimentary strands of DNA, or
of DNA and RNA, to a double-stranded molecule on a glass substrate, the microarray
slide. Single stranded DNA segments with various sequences (probes) are spotted on
the surface of this slide in a grid-like pattern. During the microarray experiment single
stranded DNA or RNA molecules of a given sample (targets), which were previously
labelled with fluorescent dyes, are hybridized to complementary probes on the slide (Fig.
1.6). The red-fluorescent dye Cyanine-5 (Cy5) and the green-fluorescent dye Cyanine-3
(Cy3) can be used to label e.g. grazed and non-grazed seaweed samples, so that two
samples can be simultaneously hybridized to the same microarray slide. Afterwards,
laser light is used to consecutively excite the two fluorescent dyes and the amount of
emission is measured for each spot (probe) on the array. Cy3 and Cy5 fluorescence is
captured in two separate images which are merged to produce a composite microarray
image. The merged fluorescence of each spot can be used to quantify the amounts of
DNA/RNA (targets) present in the two samples (see Alagesan & Manimekalai, 2013).
Afterwards, differentially expressed genes between the two samples have to be identified
by statistical analysis.
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Control RNA Treatment RNA 
Label with fluorescent dyes 
Combine samples 
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Scan                                                     Statistical analysis 
Figure 1.6: Simplified illustration of a microarray experiment. RNA is extracted from control
and treated samples, transcribed into cDNA (not shown), and fluorescently labeled with two
different dyes (red and green). Afterwards, samples are hybridized to immobilized probes on
the microarray slide. Finally, the image of the microarray is scanned, digitally processed and
statistically evaluated for differentially expressed genes. Figure modified from Hwang & Lim
(2000).
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1.8 Fucus vesiculosus: model organism for
investigating anti-herbivory traits
The bladder wrack Fucus vesiculosus (Linnaeus) is a common brown seaweed of temper-
ate North Atlantic rocky shores, where it grows in the mid littoral zone in a wide range
of wave exposures (see Van den Hoek et al., 1995) (Fig. 1.7). Fucus vesiculosus is a
perennial species that reaches an age of five to seven years (Knight & Parke, 1950) and is
one of the few perennial seaweeds that have been able to adapt to the low salinity of the
Baltic Sea (Engkvist et al., 2000). Fucus vesiculosus is of great ecological importance as
it provides shelter and food for associated flora and fauna, such as epiphytic macroalgae
and various invertebrate species (Kersen et al., 2011) and plays an important role in
structuring intertidal communities (Lüning, 1990). In North Sea habitats, F. vesiculosus
is primarily faced with grazing by the crustaceans Gammarus spp. and Idotea baltica,
as well as the two periwinkles Littorina obtusata and L. littorea (Kersen et al., 2011).
The close association with several grazer species moved F. vesiculosus into the focus
of research on anti-herbivory traits, making it one of the most intensively investigated
seaweeds that are known to induce chemical defenses.
.
A B C 
D 
Figure 1.7: The brown seaweed Fucus vesiculosus (A, B) and its herbivores, the periwinkle
Littorina obtusata (C) and the isopod Idotea baltica (D). Not true to scale.
However, previous studies have been restricted to the measurement of changes in chem-
istry or palatability in response to grazing by several herbivore species (e.g. Geiselman
& McConnell, 1981, Haavisto et al., 2010), artificial damage (e.g. Hemmi et al., 2004,
Rohde et al., 2004), grazing on neighboring seaweeds (e.g. Rohde et al., 2004, Yun et al.,
2012), plant growth regulators (Arnold et al., 2001), and varying nutrient availabilities
(Hemmi et al., 2004), as well as seaweed-mediated indirect effects of herbivory on other
herbivore species (Long et al., 2007, Yun et al., 2010). In contrast, temporal patterns
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of induced defenses (but see Rohde & Wahl, 2008a) and underlying cellular processes
have not been included in the study of anti-herbivory traits of F. vesiculosus – and
seaweeds in general – by now.
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3 Aim and outline of the thesis
This doctoral thesis aimed to investigate ecological and molecular aspects of the induced
chemical anti-herbivory defense in the brown seaweed Fucus vesiculosus (Fig. 3.1).
Despite the prevalence of induced responses to herbivory in seaweeds, little is known
about the temporal dynamics of these resistance traits. However, in accordance with the
hypothesis that defense is costly (e.g. Zangerl et al., 1997), it is assumed that induced
defenses are deployed sparingly and just long enough to avoid substantial tissue loss
(see also Rohde & Wahl, 2008a). This suggestion is corroborated by the finding that
a close relative of F. vesiculosus, the knotted wrack Ascophyllum nodosum, shows a
temporally highly variable, oscillating defense response (Flöthe & Molis, 2013). In order
to make a first step in assessing the generality of »pulsating« anti-herbivory responses in
seaweeds and to clarify whether a »pulsating« defense pattern is an intrinsic feature in
the interaction between F. vesiculosus and its herbivores, this thesis aimed at answering
the following questions:
I Does another seaweed species, the related brown alga F. vesiculosus, also show a
temporally variable defense pattern?
I Does this temporal pattern occur in F. vesiculosus in response to different herbivore
species?
In Publication I, a 4 week feeding-assayed induction experiment assessed temporal
patterns of the induced anti-herbivory resistance of F. vesiculosus in response to grazing
by the isopod Idotea baltica (Fig. 3.1). Publication II reveals the dynamics of
inducible defense traits of F. vesiculosus in response to grazing by another herbivore
species, the periwinkle Littorina obtusata (Fig. 3.1).
Moreover, in order to understand the biology and ecology of organisms, populations,
communities and ecosystems, scientists need to study gene functions in their natural
context (Jackson et al., 2002). Integrating ecological and genomic research will improve
our understanding of how organisms function and interact with each other and how
environmental processes modulate the expression of genes. Furthermore, molecular
investigations may suggest candidate genes underlying ecologically relevant processes,
providing tools with which to address new ecological questions (Jackson et al., 2002).
However, the inclusion of molecular methods into seaweed ecology has been slow. This
may be due to the fact that molecular techniques have been developed for a handful of
model species (e.g. Arabidopsis thaliana) and may not work correctly when applied to
non-model organisms. A recently established cDNA library containing transcripts of
grazed F. vesiculosus (U. John, F. Weinberger & I. Kruse, unpublished data) served as
the basis for two microarray studies presented in Publication I and Publication II.
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These are the first microarray-based studies on macroalgal gene expression in response
to herbivory that aimed at answering the following questions:
I Is the induced anti-herbivory response of F. vesiculosus measurable at the
transcriptomic level?
I Which processes and genes are involved in the herbivore-induced defense response
of F. vesiculosus?
I Are there differences in the gene expression among different defense »pulses«?
I Does F. vesiculosus tailor its transcriptional response to different grazer species?
I investigated the molecular mechanisms underlying defense induction in response to
grazing by the isopod I. baltica in F. vesiculosus at certain points in time during a 4
week feeding-assayed induction experiment (Publication I, Fig. 3.1). In an attempt
to link ecological research and molecular insights, gene expression was analyzed shortly
before and at the same time when feeding assays revealed a decreased palatability and,
thus, suggested induction of anti-herbivory defenses. Thereby, I aimed to improve the
mechanistic understanding of the anti-herbivory response and to facilitate further, more
in-depth investigations at the molecular scale.
Undoubtedly, more studies are needed to expand our knowledge of the phenotype
of a seaweed and its response to ecological signals. As the recognition of herbivore-
specific cues is an important mechanism for seaweeds to optimize their defense responses
to the inducing grazer species (reviewed by Paul & Puglisi, 2004, Howe & Jander,
2008), I assumed that also transcriptional changes elicited by herbivore grazing in
F. vesiculosus show inducer-specific patterns. Therefore, Publication II reports
the results of microarray hybridizations that identified genes and processes regulated
in F. vesiculosus in response to grazing by another herbivore species, the periwinkle
Littorina obtusata, at five different time points during a 4 week feeding-assayed induction
experiment (Fig. 3.1). Moreover, as Publication I focused only on the initial phase of
the induced anti-herbivory response, the study presented in Publication II used a time
series approach to identify genes whose transcription changes early, late, transiently, or
permanently during the induction phase. In addition, I compared the transcriptional
responses triggered by L. obtusata grazing to those elicited by I. baltica grazing to unravel
whether both herbivore species induce similar or different transcriptional responses (Fig.
3.1).
Furthermore, seaweeds were shown to host multi-species assemblages of associated
herbivores in nature (Buschbaum et al., 2006) and competition between different
herbivore species may be mediated by induced changes in seaweed traits (e.g. Long et
al., 2007, Yun et al., 2010). Such trait-mediated indirect interactions have the potential
to affect community organization and biodiversity (reviewed by Ohgushi, 2005). Thus,
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to improve the understanding of seaweed-mediated indirect effects among herbivores
Publication II deals with the following question:
I Does the periwinkle-induced defense, which may be driven by inducer-specific
processes, have the potential to affect also isopod feeding?
In addition, interactions between seaweeds and their herbivores may be influenced
by info-chemicals. Evidence was provided that F. vesiculosus individuals tailor their
defenses accordingly for a possible herbivore attack in response to water-borne cues
from isopod-grazed neighbors (e.g. Rohde et al., 2004, Haavisto et al., 2010). However,
another test of induced responses in F. vesiculosus after exposure to cues from isopod-
grazed neighbors yielded contradictory results (Yun et al., 2012). Therefore, this thesis
aimed at:
I Reassessing the ability of F. vesiculosus to perceive and respond to water-borne
cues released by isopod-damaged conspecific neighbors.
I Testing for the first time whether F. vesiculosus individuals »communicate« via
water-borne cues in repose to attack by the periwinkle Littorina obtusata.
To address these issues, I conducted a series of experiments using different experimental
set-ups presented in Publication III (Fig. 3.1).
Herbivory is an important factor in structuring seaweed communities (reviewed by Duffy
& Hay, 1990). The emphasis of this thesis was to deepen our understanding of seaweed-
grazer interactions and to gather detailed information as to whether (1) the brown
seaweed F. vesiculosus shows a pulsating temporal defense pattern, (2) specific genes
and processes are involved in the induced anti-herbivory response, (3) F. vesiculosus is
able to reconfigure its transcriptional response to a specific attacker, (4) the resulting
production of defense metabolites affects not only the inducing herbivore but also a
different herbivore species, and (5) chemical signals have the potential to influence
neighbouring undamaged seaweeds and their interaction with herbivores.
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Figure 3.1: Overview of the ecological and molecular aspects of the Fucus vesiculosus anti-
herbivory defense which were addressed in the Publications I-III. Experiments presented
in Publication I and II assessed temporal patterns of the induced anti-herbivory resistance
in response to grazing by the isopod Idotea baltica and the periwinkle Littorina obtusata,
respectively (red arrows). Publication I and II additionally report the results of microarray hy-
bridizations that identified F. vesiculosus genes and corresponding cellular processes regulated
in response to grazing by I. baltica and L. obtusata, respectively (orange arrows). Transcrip-
tional responses elicited by isopod and periwinkle grazing were compared in Publication II,
which also reports whether periwinkle-induced defenses have the potential to affect also isopod
feeding (green arrows). Publication III presents the results of several experiments testing for
the induction of defenses via water-borne cues released by I. baltica and L. obtusata grazed
conspecific neighbors (blue arrows).
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This section gives a brief summary of the material and methods applied in the three
studies included in this thesis. Detailed informations are provided in the corresponding
publications I-III.
4.1 Collection site and organisms
The brown seaweed F. vesiculosus was collected during low tide in the mid rocky
intertidal of the moderately wave-exposed Augusta Mole (54◦10’70” N, 7◦53’52” E,
Publication I) and Kringel (54◦10’60” N, 7◦53’15” E, Publication II and III), Helgoland,
NE Atlantic. Littorina obtusata individuals used for the experiments presented in
Publication II and III were collected in the field at the same site from where the
F. vesiculosus individuals originated. All isopods (I. baltica) used for the experiments
presented in Publication I-III were taken from a culture, which was fed with A. nodosum
and customary fish food.
4.2 Induction experiments
Several feeding-assayed induction experiments with F. vesiculosus and either I. baltica
or L. obtusata were conducted in a laboratory of the Biologische Anstalt Helgoland using
an aquaria system consisting of transparent plastic aquaria (25 l volume; 480×230×260
mm) which were supplied with cotton-filtered water from the nearby North Sea. Applied
grazer densities varied among herbivore species (I. baltica/L. obtusata) according to
observed densities in the field (C. Flöthe, personal observations) to keep grazing pressure
in induction experiments comparable to natural levels of herbivory.
4.2.1 Direct grazing
The day the experiments started, a specific number of apical seaweed pieces were cut
from several F. vesiculosus individuals. Genetically identical pieces were marked with
colored thread and seaweed pieces were allocated to control and treatment aquaria (n
= 10; detailed information in publication I-III).
The experiments were divided into several sequential phases. First, algal pieces were
kept for acclimation without grazers for 4 days to recover from cutting and to reduce
potential anti-herbivory defenses induced by previous grazing in the field. Second, a 27
to 33 day induction phase was started by adding inducers (I. baltica or L. obtusata) to
each of the treatment aquaria, while inducers were absent from control aquaria (detailed
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information in publication I-III). Third, inducers were removed from the aquaria at the
end of the induction phase to start a 6 day reduction phase (only experiments presented
in publication I and II).
Directly after acclimation and at specific time points during the induction and
reduction phase, several genetically identical F. vesiculosus pieces were removed from
each control and treatment aquarium. One F. vesiculosus piece was transferred to
a feeding arena with naïve grazers (= consumers). Another piece was allocated to a
feeding arena without consumers to assess autogenic wet mass changes. A further F.
vesiculosus piece was stored at -80◦C and used within 4 weeks in feeding assays with
artificial food pellets. For the experiments presented in publication I and II another
seaweed pieces was immediately shock frozen in liquid nitrogen and stored at -80◦C for
subsequent gene expression analysis.
Furthermore, herbivore consumption during the induction phase was monitored by
measuring the wet masses of several F. vesiculosus pieces from each aquarium at the
beginning of the induction phase and several time points thereafter (detailed information
in publication I-III).
4.2.2 Water-borne cues
To test for »communication« via water-borne cues between F. vesiculosus individuals,
several experiments were conducted in which F. vesiculosus was exposed to seawater that
previously flowed over grazed conspecifics (Publication III). Two different experimental
set-ups were used. Experiments were conducted with 10 biological replicates.
›Two aquaria‹ set-up
Two transparent plastic aquaria were stacked one above the other and seawater flowed
from the upper (upstream) aquarium through a pipe into the lower (downstream)
aquarium. An identical number of seaweed pieces were allocated to all aquaria. After
acclimation (4 d), the induction phase was started by adding 44 L. obtusata or 11
I. baltica to upstream treatment aquaria. Upstream control aquaria as well as all
downstream aquaria remained without grazers. Directly after acclimation and every 3 d
during a 33 d induction phase, 4 genetically identical seaweed pieces were removed from
each downstream control and treatment aquarium and allocated to (1) a feeding arena
with naïve grazers, (2) a feeding arena without consumers (autogenic control) or used
for (3) reconstituted food feeding assays with naïve grazers and (4) the assessment of
autogenic wet mass changes during reconstituted food assays. At the same time, several
periwinkles or isopods were removed from each upstream treatment aquarium to apply
a comparable grazing pressure to residual F. vesiculosus pieces (detailed information in
publication III).
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›One aquarium‹ set-up
To exclude the possibility that the separate arrangement of emitting and receiving
seaweed pieces in two different aquaria caused a loss of water-borne cues on the way from
the upstream to the downstream aquaria (e.g. by chemical breakdown or adsorption
to the plastic tube connecting the two aquaria) all seaweed pieces were placed in one
aquarium in a third induction experiment.
Aquaria were divided with a polyethylene mesh into equally sized upstream and
downstream compartments. An identical number of seaweed pieces was allocated to each
compartment to each of 10 control and treatment aquaria. To start the induction phase,
6 I. baltica were introduced into the upstream compartments of treatment aquaria.
Upstream compartments of control aquaria as well as all downstream compartments
remained without herbivores. Directly after acclimation and every third day from the
12th day of the induction phase onwards, 4 F. vesiculosus pieces of each downstream
(water-borne cues) compartment were allocated as described for the ›two aquaria
experiment‹. At each sampling time point one isopod was removed from the upstream
compartment of each treatment aquarium to apply a comparable grazing pressure to
remaining seaweed pieces.
4.3 Feeding assays
To detect induced defense traits, 3 day feeding choice assays that tested for differences in
the palatability of treated (direct grazing/water-borne cues) and control F. vesiculosus
pieces. A treated and a control piece were simultaneously offered to grazers and the
consumption of each seaweed pieces was measured. A significant preference for control
compared to treated F. vesiculosus was considered as an induction of anti-herbivory
defenses in the treated seaweed piece. These two-choice feeding assays were performed
with two types of food: fresh F. vesiculosus and reconstituted seaweed pellets. As
morphological properties of F. vesiculosus pieces were destroyed by pulverization during
the preparation of reconstituted food, these assays were run to test for the induction of
chemical defense traits.
To reduce the variability caused by genetic differences, control and corresponding
treated F. vesiculosus pieces used in a feeding assay came from the same seaweed
individual in the field. Furthermore, to avoid confounding effects of grazer adaptations
to food quality, naïve herbivores were used in both types of feeding assays. Because
of sexual differences in the sensitivity to variation in food quality (Jormalainen et al.,
2001a, Jormalainen et al., 2001b), only male I. baltica were used in assays testing for
isopod feeding preferences.
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Figure 4.1: Feeding preference assay with Idotea baltica testing for differences in the palata-
bility of a treated and a control piece of Fucus vesiculosus.
4.3.1 Fresh F. vesiculosus
Transparent 8 l plastic aquaria (325× 175× 185 mm) were used as feeding arenas in
which naïve herbivores (= consumers) were allowed to choose between a treated (direct
grazing/water-borne cues) and a control F. vesiculosus piece (Fig. 4.1). A second
seaweed piece was withdrawn from the same aquarium, from where the assayed algae
originated and allocated to a feeding arena without grazers to correct consumption rates
for non-feeding related (autogenic) changes in seaweed wet mass. The same number of
autogenic controls and assayed algae was used to reduce the risk of underestimating
error variance and, thus, of committing a type I error (Roa, 1992). Consumption was
calculated using a formula provided by Cronin & Hay (1996) (detailed information in
Publication I-III).
4.3.2 Reconstituted food
Frozen F. vesiculosus pieces were lyophilized at -30◦C and 0.37 mbar for 24 hours
(Christ Beta 1-8 LD plus, Martin Christ Gefriertrocknungsanlagen, Osterode am Harz,
Germany) and ground with a mixer mill (Schwingmühle MM 400, Retsch Laborgeräte,
Haan, Germany). Afterwards, the algal powder was embedded into an agar-matrix
(detailed information in publication I-III). Food items (Fig. 4.2) were produced and
transferred to feeding arenas. Each feeding arena contained one food item made from a
control F. vesiculosus piece and a second food item made from a F. vesiculosus piece
that was either previously grazed or exposed to water-borne cues (detailed information
in Publication I-III). Naïve grazers (10 L. obtusata or 1 I. baltica, detailed information
in publication I-III) were introduced. Autogenic wet mass changes were assed using
another two food items that were added to a feeding arena without consumers. Feeding
assays were terminated after 3 days or when ≥ 50% of one food item was consumed,
whichever came first.
21
4 Material and methods
Figure 4.2: One of two reconstituted food pellets used in a feeding assay with the isopod
Idotea baltica.
4.4 Molecular methods
4.4.1 RNA isolation
Specific F. vesiculosus pieces were chosen for gene expression analysis (detailed informa-
tion in publication I and II). Due to the high amount of polysaccharides and phenolic
compounds, the extraction of RNA from brown seaweeds is difficult (Pearson et al.,
2006). To obtain sufficient quantities of high-quality RNA for subsequent microar-
ray hybridizations a CTAB extraction was combined with the commercially available
›RNeasy Plant Mini Kit‹ (Qiagen, Hildesheim, Germany) which was used according to
the manufacturer’s instructions (method adopted from Heinrich et al., 2012b). Only
high quality RNA with intact ribosomal peaks was used for microarray experiments.
4.4.2 Microarray hybridizations
Eighty (Publication I) or 200 (Publication II) ng of total RNA were labelled using the
›Two-color Low Input Quick Amp Labeling Kit‹ (Agilent Technologies, Waldbronn,
Germany). As a minor modification, a blend of T7 promoter primer and T7 nonamer
primer was used in equal molarity for cDNA synthesis due to the extensive length of
3’UTRs in brown seaweeds (Apt et al., 1995).
Total RNA of previously ungrazed as well as of previously grazed F. vesiculosus
pieces from specific sampling days (detailed information in Publication I and II) was
hybridized against pooled RNA from 4 (Publication I) or 5 (Publication II) F. vesiculosus
individuals that were collected before grazers were added to induction aquaria (day 0).
Hybridizations were performed in 3 (Publication I) or 5 (Publication II) biological
replicates onto 4x44k microarray slides containing oligonucleotide 60mer probes, which
were designed based on a F. vesiculosus cDNA library derived from transcripts of grazed
F. vesiculosus. 24,927 transcripts were represented by either 1 or 2 individual probes.
After hybridization and washing according to the manufacturer’s instructions (Agilent),
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microarray slides were scanned at 5 µm resolution (Agilent G2565AA Microarray scanner
system).
4.5 Statistical analyses
Consumption of inducers during induction phases was analyzed by resampling without
replacement, using a Monte Carlo analysis with 10,000 permutations (Bärlocher, 1999).
A RM-ANOVA tested for the effect of (1) herbivore grazing or (2) exposure to
water-borne cues released by grazed neighbors on the palatability of F. vesiculosus
pieces at different points in time during the induction and reduction phase (detailed
information in Publication I-III). RM-ANOVA was used because treatments were not
independent and standard ANOVA cannot be properly applied when two food types are
offered simultaneously to the same individual consumer (Peterson & Renaud, 1989). As
the within-subject factor had only two levels (control/treatment), testing for sphericity
was not applicable (Quinn & Keough, 2002).
One-tailed paired t-tests were used as post-hoc tests to reveal at which points in time
control F. vesiculosus was significantly preferred over treated (direct grazing/water-
borne cues) seaweed pieces (detailed information in publication I-III). No Bonferroni
correction was calculated as the probability of finding the number of significant t-tests
by chance was always below 5% (Moran, 2003).
Prior to statistical analysis, homogeneity of variances and normal distribution of
differences in the consumption of treated and control pieces were confirmed with Levene’s
test and the Kolmogorov-Smirnov test, respectively.
Scanned microarray data was normalized with the GeneSpring GX software (Agilent,
Version 11) using the LOWESS algorithm. A two-way ANOVA with treatment and time
as fixed factors was performed, followed by fold change analysis. Genes were considered
to be differentially expressed when ANOVA p-values were ≤ 0.01 and calculated fold
changes ≥ 1.5 (detailed information in publication I and II). Afterwards, expression
values of controls (e.g. control ›day 15 vs. day 0‹) were subtracted from corresponding
treatment values (i.e. treatment ›day 15 vs. day 0‹) at each sampling time point to
obtain only grazing-related changes in gene expression.
Subsequently, differentially regulated genes were annotated through BLAST against
NCBI sequence database, Swiss-Prot protein knowledgebase, Clusters of eukaryotic
orthologous groups (KOG), and Pfam protein families database with an e-value cut-off
of 10-7.
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Abstract
This study aimed to reveal the dynamics of inducible anti-herbivory traits in the brown
seaweed Fucus vesiculosus in response to grazing by the isopod Idotea baltica. As the
molecular basis of defense induction in seaweeds is poorly understood, a transcriptomic
approach was used in addition to gain insight into cellular processes underlying defense
induction and, thus, promote the mechanistic understanding of anti-herbivory responses
in seaweeds. In a 27 day feeding-assayed induction experiment, temporal patterns of
the induced anti-herbivory resistance of F. vesiculosus were assessed under laboratory
conditions. Feeding assays were performed in three day intervals, using fresh and
reconstituted food. Moreover, microarray hybridizations investigated the expression of
genes 3 days before as well as at the same time when feeding assays revealed a decreased
palatability of previously grazed F. vesiculosus pieces compared to non-grazed control
pieces. Despite permanent exposure to grazers, F. vesiculosus palatability varied over
time. Non-grazed F. vesiculosus pieces were significantly preferred to grazed pieces
after 18 and again after 27 days of previous grazing, while their relative palatability for
isopods was comparable at all other times during the experiment. Relative to controls,
562/402 genes were ≥ 1.5-fold up-/down-regulated in seaweed pieces that were grazed
for 18 days, i.e. when induction of defenses was detected in feeding assays. Massive
reprogramming of the regulative expression orchestra (translation, transcription) as well
as up-regulation of genes involved in lipid and carbohydrate metabolism, intracellular
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trafficking, defense and stress response was observed. At the same time down-regulation
of photosynthesis was observed in grazed seaweed pieces. This study suggests a high
level of temporal variability in induced anti-herbivory traits of F. vesiculosus and reveals
increased expression of genes with putative defensive functions in conjunction with the
reallocation of resources from primary to secondary metabolism.
Key words
Feeding preference, gene expression, grazing, Idotea baltica, microarray, phenotypic
plasticity, seaweed-herbivore interaction
Introduction
Seaweeds fulfill numerous important functions in benthic ecosystems. They account, for
instance, together with seagrasses for 5% of the global primary production (Smith, 1981),
maintain nutrient and energy cycling (Mann, 1982), function as a CO2 sink (Ritschard,
1992), and provide food and shelter for grazers and various other organisms (Brawley,
1992). Marine herbivores in turn profoundly reduce producer abundance (Poore et
al., 2012) and were shown to affect species composition of seaweed communities in
temperate habitats (Duffy & Hay, 2000). To persist in benthic communities, traits to
avoid, tolerate, or deter herbivory have evolved in seaweeds (reviewed in Hay & Fenical,
1988). Seaweed defenses are either continuously expressed (constitutive defense) or
induced, i.e. produced on demand (Tollrian & Harvell, 1999). In seaweeds, especially
brown algae respond to grazing with the induction of chemical defenses, i.e. with
the production of toxic or palatability-/digestibility-reducing compounds that affect
herbivore fitness and/or survivorship (Toth & Pavia, 2007).
Plant resistance to grazers is considered to be costly (e.g. Zangerl et al., 1997;
Mauricio, 1998; Dworjanyn et al., 2006). Costs can arise e.g. when resistance traits
(such as secondary metabolites) are toxic not only to herbivores, but also to the producer
and have to be stored and deployed in a way that prevents autotoxicity (Baldwin &
Callahan, 1993). Resistance costs include also allocation costs, since resources have to
be diverted away from concurrent needs, such as growth and reproduction (Strauss et al.,
2002). However, costs may be reduced by auxiliary functions of secondary metabolites
(Neilson et al., 2013) or by expressing resistance only when it is needed (inducible
defense; Agrawal, 2005).
Previous induction experiments showed that differences in palatability between
previously grazed and non-grazed seaweed pieces occurred within 9-14 days after onset
of herbivory (Rohde et al., 2004; Rohde & Wahl, 2008a; Yun et al., 2012) and were
reduced within 2-4 days when grazing stopped (Rohde & Wahl, 2008a). Thus, grazing
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pressure and seaweed responses may generally be promptly coupled. For example, a
reduction of seaweed palatability and, thus, consumption by herbivores could lead to
a cessation of anti-herbivory defenses (see cost-benefit model by Karban et al., 1999).
Consequently, cessation of defenses should increase grazing pressure and, thus, lead
to renewed induction of defenses. However, data on temporal dynamics of inducible
anti-herbivory defenses in seaweeds are scarce. Flöthe and Molis (2013) reported that
the palatability of knotted wrack (Ascophyllum nodosum) varied in response to a
continuous grazing pressure by the isopod Idotea granulosa, but this pattern has not
been demonstrated for other marine algae by now.
Although the ability of seaweeds to induce defenses in response to herbivory is well
established (Toth & Pavia, 2007), molecular mechanisms underlying these complex
responses have largely remained elusive. Several genomic studies gained insight into
internal regulative processes in seaweeds already, but these investigations were mainly
focused on genes involved in carbohydrate synthesis (e.g. Zhou & Ragan, 1995),
resistance to toxic metals (Owen et al., 2012) or epiphytes (Weinberger et al., 2011a),
and acclimation to abiotic stresses (Dittami et al., 2009; Pearson et al., 2010; Heinrich
et al., 2012b) (but see Cosse et al., 2009; de Oliveira et al., 2012). In contrast, cellular
processes underlying the induction of anti-herbivory defenses have been studied in
detail for vascular plants. Here, wound- and herbivore-specific elicitors were shown to
activate various signalling pathways, leading to a fine-tuned metabolic reconfiguration
and the coordinated expression of numerous defense-related genes (reviewed by Kessler
& Baldwin, 2002). As a next step, seaweed-herbivore interactions should be investigated
at the molecular level to assess how environmental processes modulate the expression
of seaweed genes. Increasing the knowledge of genes and cellular processes underlying
defense induction will significantly contribute to the understanding of algal ecology and
evolution.
In this study, small-scale temporal changes in seaweed palatability and cellular pro-
cesses that occur during the induction of seaweed anti-herbivory defenses were revealed
using the common perennial brown alga Fucus vesiculosus (L.) and its crustacean grazer
Idotea baltica (Pallas). Fucus vesiculosus is of great ecological importance as one of the
main habitat-forming components of the shallow coastal zone of North Atlantic shores
and can potentially affect diversity and abundance of associated species (Wikström &
Kautsky, 2007; Valdivia et al., 2012). Furthermore, the ability to induce anti-herbivory
traits in response to grazing by mesoherbivores has been repeatedly shown for different
F. vesiculosus populations (e.g. Hemmi et al., 2004; Rohde et al., 2004; Long et al.,
2007; Yun et al., 2007; Yun et al., 2012).
With a combination of a feeding-assayed laboratory induction experiment and mi-
croarray hybridizations, the present study aimed (1) to reveal the dynamics of inducible
anti-herbivory traits in the brown seaweed Fucus vesiculosus in response to grazing by
26
5 Publication I
the isopod Idotea baltica, (2) to assess underlying cellular processes for the first time
in order to improve the understanding of the anti-herbivory response and to facilitate
more in-depth investigations at the molecular scale in seaweeds, and (3) to suggest
potential candidate genes underlying defense induction to provide new tools with which
to address further questions regarding seaweed-herbivore interactions.
Materials and methods
Collection site and organisms
The brown seaweed F. vesiculosus was collected during low tide in the mid rocky
intertidal of the moderately wave-exposed Augusta Mole, Helgoland, NE Atlantic
(54◦10’70” N, 7◦53’52” E) where it is the dominating seaweed species together with Fucus
serratus and the red macroalga Mastocarpus stellatus.
The isopod Idotea baltica is a littoral mesograzer species (Orav-Kotta & Kotta, 2004),
but is also abundant among drift algae of the genera Fucus and Ascophyllum (Franke et
al., 2007). All isopods used for this study were taken from an I. baltica culture fed with
A. nodosum and customary fish food, and maintained in a constant temperature room
at 15◦C in an aerated 200 l flow-through tank with a 12/12 h light/dark cycle. Every
year, new individuals from drift algae collected in the Helgoland Bight were introduced
into the culture.
The present study was conducted in compliance with the legal requirements of the
Schleswig-Holstein state act of 24 April 1981 (classification number 791-4-37) that
declared the rocky shores below the high tide limit of Helgoland Island a nature reserve
and allows ecologists to access sites to accomplish field research.
Experimental set-up and design
A bio-assayed induction experiment was run in a laboratory of the Biologische Anstalt
Helgoland using an aquaria system consisting of transparent plastic aquaria (25 l volume;
480 × 230 × 260 mm) which were supplied with cotton-filtered water from the nearby
North Sea.
The experiment started on 2 July 2010 and was run with 10 replicates. In total, 960
apical seaweed pieces were cut off 120 F. vesiculosus individuals at Augusta Mole. An
algal individual was defined as the tissue stemming from a single holdfast. Eight apical
pieces (mean ± SD wet mass of 2.07 ± 0.81 g) lacking visual feeding scars were cut off
each of these individuals. All algal pieces were transported to the laboratory in < 30
min, where macroscopic epibionts were gently removed with a soft sponge. Furthermore,
F. vesiculosus pieces were marked with colored threads in order to identify genetically
identical pieces, i.e. pieces that were cut off from the same individual.
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For a single replicate, 4 genetically identical pieces of each of 12 specimens were allocated
to a control aquarium. The other 4 pieces of each specimen were placed in a treatment
aquarium (Fig. 5.1). In this manner, 12 × 4 (= 48) Fucus pieces were allocated to each
aquarium (i.e. 2 × 48 = 96 pieces per replicate). Quadruplets of genetically identical
pieces were used at each of twelve feeding assay dates to not confound feeding preferences
with potential intra-individual differences in seaweed palatability. To prevent floating
of seaweed pieces, all pieces were separately fixed with cable ties (width 1.8 mm) to a
green polyethylene mesh (mesh size 2 mm) that rested at the bottom of each aquarium.
Mean (± SD) flow rate of seawater through each of the 20 individual aquaria was
184 (± 17) ml min-1 at a mean (± SD) water temperature of 19.7 (± 1.0) ◦C (HOBO
Pendant Temperature/Light Data Logger, Onset Computer Corporation, Cape Cod,
USA). Effluent pipes were covered with black polystyrene mosquito mesh (mesh size
1.5 mm) to avoid animal escapes from the set-up. Light was provided by fluorescent
tubes (Osram Lumilux Daylight L 36 W/865, Osram, München, Germany), which
were mounted above the aquaria in a light/dark cycle of 12/12 h. As fluorescent tubes
promoted the warming of the seawater within the aquaria, a lower mean (± SD) photon
flow rate of 121.1 (± 2.9) µmol m-2 s-1 (PAR) was applied than the average (± SD)
ambient photosynthetic active irradiance that we had measured at 2 m water depth
in July (490 ± 14 µmol photons m-2 s-1) and August (410 ± 14 µmol photons m-2
s-1) using a LI-1400 data logger with a LI-192 underwater quantum sensor (LI-COR,
Lincoln, USA).
The experiment was divided into three sequential phases: acclimation, induction, and
reduction. First, all algal pieces were kept for acclimation without grazers for 4 days
to recover from cutting and putative induction of anti-herbivory defenses caused by
previous grazing in the field. According to Rohde and Wahl (2008a), 2 to 4 days are
sufficiently long to reduce defensive traits in F. vesiculosus. Afterwards, wet masses of
the F. vesiculosus pieces were determined by carefully blotting them dry with paper
towels for 20 seconds and weighing them to the nearest 0.001 g (Sartorius CPA323S,
Sartorius, Göttingen, Germany). This was the standard procedure to measure wet mass
of all fresh and reconstituted seaweed pieces in this study.
Second, a 27 day induction phase started on day 5 of the experiment by adding
three male and three female I. baltica (= inducers) to each of the 10 treatment aquaria,
while inducers were absent from the remaining 10 control aquaria. The treatment and
control aquaria of each replicate were paired and pairs randomly arranged in the set-up.
Every 3 days during the induction phase, 4 randomly chosen, genetically identical
F. vesiculosus pieces were removed from each control and treatment aquarium of all
replicates (Fig. 5.1). One of the 4 pieces was transferred to a feeding arena with a naïve
grazer (= consumer, see subchapter »feeding assays« for details). The second piece
was allocated to a feeding arena without a consumer to determine autogenic wet mass
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Figure 5.1: Schematic illustration showing the allocation of F. vesiculosus pieces (small
rectangles) for a single replicate at one of twelve points in time. Induction aquaria contained 48
pieces (only 4 shown) at the beginning of the experiment from which 4 were allocated to feeding
arenas (circles) or gene expression analysis at each of the twelve points in time. Stippled and
solid lines indicate containers with and without grazers, respectively. Letters and numbers
indicate ungrazed and grazer-exposed pieces of F. vesiculosus, respectively. Reconstituted food
items (pentagons) used for feeding assays (subscript a) and corresponding autogenic controls
(subscript b) were derived from the same previously grazed or ungrazed seaweed piece.
changes during feeding assays. The third piece was stored at -80◦C and used within
4 weeks in feeding assays using artificial food pellets (see subchapter »reconstituted
food« for details). The fourth piece was immediately shock frozen in liquid nitrogen
and stored at -80◦C for subsequent gene expression analysis (frozen samples were
further processed within 5 months). The treatment and corresponding control seaweed
pieces originated from the same F. vesiculosus individual in the field to make sure that
expression differences between both pieces were not due to inter-individual variation.
Furthermore, one isopod was removed every 6 days from each treatment aquarium to
apply a comparable grazing pressure during the induction phase. Moreover, to monitor
herbivore consumption during the induction phase, the wet masses of 8 F. vesiculosus
pieces from each aquarium were measured at the beginning and the end of 3 day
intervals. These 8 pieces were chosen randomly for each 3 day period. Means were
calculated from the 8 pieces of each aquarium as a replicate measure of consumption for
statistical analysis (formula used for calculation of consumption is given in subchapter
»feeding assays«).
Third, inducers were removed from the aquaria at the end of the induction phase
to start the reduction phase. Three and 6 days later, pieces of F. vesiculosus were
removed from all aquaria and allocated as described for the induction phase (Fig. 5.1).
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Feeding assays
Fresh algae
Consumption of I. baltica was measured every 3 days in 72 h two-choice feeding assays
throughout the induction and the reduction phases. Transparent plastic aquaria (8 l
volume; 325 × 175 × 185 mm) were used as feeding arenas, in which one male I. baltica
(0.358 ± 0.109 g wet mass, mean ± SD) could choose between a previously grazed and
a genetically identical non-grazed piece of F. vesiculosus. To avoid grazer adaptations,
naïve consumers that were taken from the culture maintained on A. nodosum, i.e.
specimens that were not in contact with F. vesiculosus before, were used in feeding
assays. Fucus vesiculosus pieces in feeding arenas (= assayed alga) were weighed at
the beginning and the end of the feeding assays. In addition, a second F. vesiculosus
piece was removed from the same aquarium from where the assayed pieces originated.
This piece was used to correct the consumption rates of the assayed seaweed piece for
non-feeding related (autogenic) wet mass changes, i.e. that assayed seaweed pieces and
corresponding autogenic controls were exposed to similar grazing histories during the
experiment. Furthermore, the risk of underestimating the error variance of autogenic
controls was reduced by using the same number of autogenic controls and assayed algae
(Roa, 1992). The consumption of each assayed algal piece was then calculated using
the following formula (adapted from Cronin & Hay, 1996):
consumption = Tstart × (Cend/Cstart) – Tend
where Tstart and Tend represent the wet mass of an assayed algal piece at the
beginning and the end of an feeding assay, respectively, and Cstart and Cend represent
wet masses of the corresponding autogenic control alga before and after the feeding
assay, respectively.
Reconstituted food
Additional feeding assays with reconstituted food were used to test whether grazing by
isopods induced chemical, rather than morphological, grazer-deterrent seaweed traits.
Reconstituted food was prepared from F. vesiculosus pieces that were stored at -80◦C.
First, pieces were freeze-dried for 24 h at -30◦C and 0.37 mbar (Christ Beta 1-8 LD plus,
Martin Christ Gefriertrocknungsanlagen, Osterode am Harz, Germany) before they
were separately ground to a homogenous powder with mortar and pestle. Subsequently,
0.4 g of the algal powder was mixed with 3.6 ml of molten agar (a blend of 0.02 g
agar per ml of boiling distilled water). To minimize thermal destruction of bioactive
chemical compounds in the algal powder, the agar was allowed to cool to 45◦C before
mixing. Afterwards, this mixture was poured on a mosquito net (mesh size 1.5 mm)
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and flattened between two PVC panels coated with wax paper (method adapted from
Hay et al., 1994). A 1 mm plastic template placed between both PVC panels created
reconstituted food pellets of consistent thickness.
Two food items of 2 × 2 cm area were cut from each pellet after solidification. One
pellet was used in a two-choice feeding assay, while the other pellet was used as an
autogenic control. Each of the two food items was placed in a glass Petri dish (Ø 10 cm,
2 cm height) and transferred to different transparent plastic aquaria (= feeding arenas).
Each feeding arena contained one Petri dish with a food item made from a previously
grazed and one Petri dish with a food item made from a previously ungrazed piece of
F. vesiculosus. Placing food items in Petri dishes within feeding arenas permitted a
correct allocation of those pieces to original food items, which were occasionally broken
off by grazer activities. At the beginning of a feeding assay, both food items were
weighed and one male I. baltica was introduced to the feeding arena. In contrast, no
consumers were added to feeding arenas assessing autogenic wet mass changes. Feeding
assays were terminated and food items reweighed after 3 days or when ≥ 50% of
one food item was consumed, whichever came first. Consumption of food items was
computed using the above formula.
Gene expression analysis
RNA extraction
Microarray hybridizations were not performed for all points in time due to financial
constraints. As results from feeding assays suggested a strong decline in F. vesiculosus
palatability from day 15 to day 18, only F. vesiculosus pieces that were collected directly
after the acclimation phase (T0) and seaweed pieces that were or were not exposed for
15 and 18 days to I. baltica grazing (T15/T18 and C15/C18, respectively) were chosen
to analyse gene expression patterns. Differentially expressed genes induced by isopod
grazing were identified by comparing previously grazed F. vesiculosus pieces with the
corresponding control pieces at the given points in time (day 15 and day 18).
Frozen F. vesiculosus pieces were ground in liquid nitrogen with mortar and pestle and
transferred to 2.0 ml Eppendorf tubes (Eppendorf, Hamburg, Germany). Total RNA was
isolated with a modified CTAB (cetyl trimethylammonium bromide) method. One ml
extraction buffer (2% CTAB, 1 M NaCl, 100 mM Tris pH 8, 50 mM EDTA pH 8; adapted
from Heinrich et al., 2012b) and 25 µl dithiothreitol 2 M were added to the ground
tissue and mixed well on a vortex mixer. The mixture was incubated at 45◦C for 15
min. Afterwards two consecutive chloroform extractions were performed as described by
Pearson et al. (2006). Subsequently, total RNA was extracted using the ›RNeasy Plant
Mini Kit‹ (Qiagen, Hildesheim, Germany) according to the manufacturer’s protocol for
RNA extraction including on-column DNA digestion to ensure least contamination with
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DNA as possible, due to sensitivity of downstream applications. Concentration and
purity of the extracted RNA were determined with the NanoDrop ND-1000 spectrometer
(PeqLab Biotechnologie, Erlangen, Germany) and total RNA integrity was verified with
the 2100 Bioanalyzer (Agilent Technologies, Palo Alto, USA) using a RNA 6000 Nano
Chip.
Microarray hybridizations
Eighty ng of total RNA were amplified, reverse transcribed and labelled using the ›Two-
color Low Input Quick Amp Labeling Kit‹ (Agilent) according to the manufacturer’s
protocol. RNA from control and previously grazed F. vesiculosus pieces from the days
15 and 18 was labelled with cyanine-3 (Cy3), while cyanine-5 (Cy5) was used to label
RNA from seaweed pieces that were collected at day 0. As a minor modification, random
hexamers with attached T7 promoter were added due to the presence of long 3’UTR
sequences in brown seaweeds (Apt et al., 1995). Afterwards, cRNA concentration and
dye incorporation rates (Cy3 and Cy5) were measured with the NanoDrop ND-1000
spectrometer (PeqLab). Prior to labelling RNA Spike-In Mix was added to RNA samples
to serve as internal standard and benchmark for hybridization performance (Agilent).
Hybridization was performed onto 4x44k microarray slides which were designed with the
Agilent eArray online platform. Slides contained oligonucleotide 60mers designed from
a F. vesiculosus cDNA library containing transcripts of grazed F. vesiculosus (data
available on request). 24,927 transcripts were represented by either 1 or 2 individual
probes.
Total RNA of previously ungrazed as well as of previously grazed F. vesiculosus pieces
from the days 15 and 18 was hybridized against pooled RNA from 4 F. vesiculosus
individuals that were collected before grazers were added to induction aquaria (day
0). Hybridizations were carried out in biological triplicates, i.e. three hybridizations
were performed per point in time (day 15 or 18) and treatment (control or grazed)
with RNA extracted from three different F. vesiculosus pieces. The 4 replicates of
F. vesiculosus collected at day 0 as well as the 3 replicates from the days 15 and 18
were randomly selected from the 10 replicates of the induction experiment. Microarray
slides were placed in Agilent SureHyb hybridization chambers and incubated in an
Agilent Microarray Hybridization Oven at 65◦C for 17 hours. Afterwards, microarrays
were washed according to manufacturer’s instructions (Agilent) and scanned with a
High-Resolution Microarray Scanner at 5 µm resolution (Agilent G2565AA Microarray
scanner system).
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Statistical analyses
Consumption of inducers during induction phase
Isopod consumption during the induction phase was analysed by resampling without
replacement, using a Monte Carlo analysis with 10,000 permutations (Bärlocher, 1999).
Feeding assays
A repeated-measures analyses of variance (RM-ANOVA) tested for the effect of isopod
grazing (within-subjects measure: 2 levels, fixed) on the palatability of F. vesiculosus
pieces at different points in time during the induction phase (between-subjects measures:
9 levels, fixed) and reduction phase (between-subjects measures: 2 levels, fixed). RM-
ANOVA was used because treatments were not independent and standard ANOVA
cannot be properly applied when two food types are simultaneously offered to the
same individual consumer (Peterson & Renaud, 1989). As the within-subject factor
had only two levels, testing for sphericity is not applicable (Quinn & Keough, 2002).
Due to ambiguous selection of an appropriate error term for post-hoc tests involving
within-subject by between-subject interactions, no post-hoc tests were computed for
time × grazing interactions (Winer et al., 1991). Instead, one-tailed paired t-tests (due
to experimental confirmation by Yun et al. (2010) that I. baltica induces anti-herbivory
defenses in F. vesiculosus) were performed for each time separately, to reveal indirectly
which combination of treatment and time caused significant interactions. Normal
distribution of differences in the consumption of previously grazed and non-grazed
pieces was confirmed using the Kolmogorov-Smirnov test. No Bonferroni correction was
calculated, as the probability of finding the number of significant t-tests by chance was
always ≤ 5% (Moran, 2003).
Microarray hybridizations
Microarray raw data was extracted from scanned images using the Agilent Feature
Extraction Software (version 10.7.31). Array quality was monitored using the Agilent
QC tool with the metric set GE2_QCMT_Sep09. LOWESS normalized expression
values were analysed with the Agilent GeneSpring GX software (Version 11) to identify
genes differentially regulated relative to day 0. Average intensity values across replicates
were used for statistical analysis by two-way ANOVA with treatment (2 levels, fixed)
and time (3 levels, fixed) as main factors. An ANOVA p-value of 0.01 was chosen to
indicate statistical significance. Subsequently, fold change analysis with a cut-off of
1.5 was performed on genes that were found to be differentially expressed from the
statistical analysis. The option ›pairs of conditions‹ was used to perform pairwise
comparisons of microarray data from two conditions (e.g. control vs. treatment at each
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time point). A 1.5-fold cut-off was chosen to avoid underestimation of the extent of
up- or down-regulation since also a minute change in the transcriptional abundance
(e.g. of a transcription factor) could lead to a considerable biological effect (Reymond
et al., 2004). Afterwards, expression values of controls (i.e. control day 15 vs. day 0
and control day 18 vs. day 0) were subtracted from corresponding treatment values
(i.e. treatment day 15 vs. day 0 and treatment day 18 vs. day 0) at each time point to
obtain only grazing-related changes in gene expression.
Transcripts were annotated through BLAST against NCBI sequence database,
Swiss-Prot protein knowledgebase, Clusters of eukaryotic orthologous groups (KOG),
and Pfam protein families database with an e-value cut-off of 10-7. Microarray
data have been deposited in NCBI’s Gene Expression Omnibus and are accessible
through GEO Series accession number GSE47975 (http://www.ncbi.nlm.nih.gov/-
geo/query/acc.cgi?acc=GSE47975).
Results
F. vesiculosus palatability
Isopod consumption did not vary significantly at different times during the induction
phase (resampling: p = 0.607; Fig. 5.2). However, overlapping 95% CIs with the
zero-line of no consumption between days 19 to 21 and 25 to 27 (Fig. 5.2) indicate that
absolute isopod consumption was not significantly different from zero at these days,
while significant amounts of F. vesiculosus biomass were consumed in the remaining
time of the induction phase.
Feeding assays
At the end of the acclimation phase, the palatability of F. vesiculosus pieces in designated
control and treatment aquaria was neither significantly different when tested in assays
using fresh algae (one-tailed paired t-test: t9 = 1.78, p = 0.055) nor reconstituted food
(one-tailed paired t-test: t8 = -1.34, p = 0.108). One replicate was lost in feeding assays
using reconstituted food due to the disintegration of one of the two food pellets.
Overall, consumers significantly preferred fresh control pieces over previously grazed
pieces (RM-ANOVA: F1,81 = 12.42, p < 0.001) during the subsequent induction phase.
In addition, a significant interaction between isopod grazing and time was found in assays
using fresh F. vesiculosus pieces (RM-ANOVA: F8,81 = 2.97, p = 0.006). Previously
I. baltica-grazed fresh F. vesiculosus pieces were significantly more consumed than
non-grazed pieces in the feeding assays carried out 18 and 27 days after the start of the
induction phase (Table 5.1, Fig. 5.3).
.
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Figure 5.2: Fucus vesiculosus consumption by Idotea baltica during 3 day intervals in the
induction phase (n = 10). Data are shown as mean and 95% confidence intervals (CI). Intervals
at which CIs overlap with stippled line indicate times when consumption was not significantly
different from the null hypothesis of no consumption. Intervals with non-overlapping CIs
show significant differences in seaweed consumption. Arrows mark times when feeding assays
suggest induction of anti-herbivory defenses.
Figure 5.3: Fucus vesiculosus consumption by Idotea baltica in two-choice feeding assays using
fresh seaweed pieces. Mean ± SE (n = 10) isopod consumption of Fucus vesiculosus pieces
that were previously grazed (dark grey bars) or were not exposed to grazing before (controls;
light grey bars). Asterisks indicate significant results of one-tailed paired t-tests comparing
distribution of differences between control and grazed pieces against the null-hypothesis of no
difference.
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Table 5.1: Results of one-tailed paired t-tests comparing controls and previously grazed
seaweed pieces. Consumption of consumers (I. baltica) was assessed in feeding assays using
either fresh or reconstituted food pieces of F. vesiculosus (n = 10). Time = days after start
the of the induction phase. Day 0 to 27 = induction phase. Day 30 to 33 = reduction phase.
Significant p-values, i.e. α ≤ 0.05, in bold.
Fresh algae Reconstituted food
Time t p t p
3 1.80 0.053 0.65 0.266
6 0.57 0.290 -0.40 0.350
9 -0.85 0.208 -0.40 0.351
12 -0.75 0.236 -1.08 0.154
15 -0.50 0.314 0.27 0.396
18 -3.40 0.004 -1.87 0.049
21 -1.49 0.085 0.14 0.447
24 -1.70 0.064 0.42 0.341
27 -2.69 0.012 -2.36 0.021
30 -0.81 0.219 0.32 0.380
33 -1.34 0.108 -1.64 0.119
Consumers did not prefer reconstituted food made from previously ungrazed pieces
of F. vesiculosus over reconstituted food made from previously grazed pieces (RM-
ANOVA: F1,81 = 2.05, p = 0.156) during the induction phase. However, one-tailed
paired t-tests, that analysed feeding preferences at each time, were performed to test
whether the temporal pattern of feeding preferences that was observed in assays with
fresh F. vesiculosus pieces could be confirmed with feeding assays using reconstituted
food. T -tests revealed that I. baltica significantly preferred reconstituted food made
from previously ungrazed F. vesiculosus to reconstituted food made from F. vesiculosus
pieces that were grazed in induction phase for 18 and 27 days (Table 5.1, Fig. 5.4).
In the reduction phase, isopod consumption was not significantly different between
F. vesiculosus pieces that were or were not grazed in the previous induction phase in
feeding assays using both fresh (RM-ANOVA: F1,18 = 2.48, p = 0.132) and reconstituted
food (RM-ANOVA: F1,18 = 0.66, p = 0.428.
Microarray hybridizations
Analyses of microarrays covering 24,927 Fucus vesiculosus genes demonstrated differen-
tial gene expression in response to grazing by Idotea baltica compared to controls. Of
these, altogether 1,148 genes were differentially expressed among F. vesiculosus pieces
that were previously grazed compared to non-grazed seaweed pieces that were collected
directly after acclimation at day 0 (Fig. 5.5). Between day 15 and day 18 the number
of up-/down-regulated genes increased from 318/287 to 562/402. Altogether, 247/258
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Figure 5.4: Fucus vesiculosus consumption by Idotea baltica in two-choice feeding assays
using reconstituted food. Mean ± SE (n = 10) isopod consumption of food pellets made from
Fucus vesiculosus pieces that were previously grazed (dark grey bars) or were not exposed to
grazing before (controls; light grey bars). Interpretation of symbols as in Fig. 5.3.
up-/down-regulated genes were commonly expressed at the days 15 and 18. After 15
days of isopod grazing, 71/29 genes were uniquely up-/down-regulated, whereas 315/144
genes were uniquely up-/down-regulated after 18 days. Altogether about 23% of all
regulated genes could be functionally annotated and assigned to KOG categories (Fig.
5.6).
Genes regulated 15 and 18 days after onset of grazing
Fifteen and 18 days after onset of grazing, most up-regulated genes were assigned to one
of the following KOG categories: ›Energy production and conversion‹, ›Translation,
ribosomal structure and biogenesis‹, and ›Metabolism‹ (Fig. 5.6). Genes assigned to
the category ›Energy production and conversion‹ coded for features of the respiratory
chain (e.g. ubiquinone, cytochrome c, glycerol-3-phosphate dehydrogenase) as well as
some photosynthesis-related features (e.g. fucoxanthin) and showed an approximate
2-fold increase in expression. At both points in time, genes related to translation mainly
coded for ribosomal proteins. The category ›Metabolism‹ was mainly represented by
genes related to lipid and carbohydrate metabolism. Up-regulated genes involved in lipid
transport and metabolism included genes coding for enzymes involved in both, fatty
acid biosynthesis (e.g. fatty acid elongase 3-ketoacyl-CoA synthase 1) and degradation
(e.g. hydroxyacyl-CoA dehydrogenase, phytanoyl-CoA dioxygenase). Genes coding for
enzymes involved in fatty acid biosynthesis were found to increase only moderately in
expression (fold change between 1.5 and 1.8), while genes coding for enzymes relevant for
fatty acid degradation showed almost 4-fold increase in expression. Concerning carbon
metabolism, up-regulation of a gene involved in both Calvin cycle and gluconeogenesis
(fructose-1,6-bisphosphatase) was found. In addition, the abundance of genes coding for
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Figure 5.5: Number of responsive Fucus vesiculosus genes 15 and 18 days after onset of
grazing. Differentially expressed genes were identified by microarray hybridizations and
evaluated by two-way ANOVA combining biological replicates. Genes were considered to be
differentially expressed when p-values were < 0.01 and calculated fold changes were ≥ 1.5.
Expression values of controls (i.e. control day 15 vs. day 0 and control day 18 vs. day 0)
were subtracted from corresponding treatment values (i.e. treatment day 15 vs. day 0 and
treatment day 18 vs. day 0) at each time point to obtain only grazing-related changes in
gene expression. Genes that were differentially expressed between the days 15 and 18 are also
shown (T18 vs. T15). T18 vs. T15 fold changes were calculated by dividing the values of T18
vs. T0 by the values of T15 vs. T0. T0 = start of induction phase; T15 and T18 = grazed
F. vesiculosus 15 and 18 days after start of induction phase, respectively. Overlaps display the
numbers of genes regulated at multiple points in time. ↑ = up-regulated, ↓ = down-regulated.
Figure 5.6: KOG category distributions of differentially expressed genes as identified by
microarray hybridizations. Color intensity corresponds to the number of genes per group,
calculated as percentage of all regulated genes. The category ›Metabolism‹ includes amino acid,
carbohydrate, lipid, and nucleotide transport and metabolism. Identification of differentially
expressed genes as described for Figure 5.5. T0 = start of induction phase; T15 and T18 =
grazed F. vesiculosus 15 and 18 days after start of induction phase, respectively.
38
5 Publication I
proteins related to the ›Intracellular trafficking, secretion, and vesicular transport‹ group
was found to be increased (e.g. Ypt/Rab-specific GTPase-activating protein GYP1,
the coatomer protein complex subunit delta, as well as a v-SNARE (SNARE = soluble
N-ethylmaleimide-sensitive factor adaptor protein receptor; Levine, 2002) and a protein
containing a vesicle membrane anchored SNARE region). The change in the expression
of these genes ranged from 1.6- to 6.3-fold.
Genes relevant for the defense response were of particular interest in this study. Since
herbivore attack can be considered as a stress situation (Wahl et al., 2011), where the
seaweed may be expected to up-regulate stress response genes rather than switching
them off, genes involved in both defense and stress response were taken together in
the category ›defense mechanisms and stress response‹. In this category the following
features were found to be up-regulated both 15 and 18 days after start of induction: a
lipoxygenase (LOX), the defense-related protein SCP, as well as the cytochrome P450
(Table 5.2). These genes showed a 2.2- to 12.2-fold change in expression.
Genes that were down-regulated both 15 and 18 days after onset of grazing, were
mainly assigned to the KOG categories ›Translation, ribosomal structure and bio-
genesis‹ and ›Energy production and conversion‹. Genes relevant for ›Translation,
ribosomal structure and biogenesis‹ mainly coded for ribosomal proteins, which were
different from the up-regulated features assigned to this category. Among genes as-
signed to ›Energy production and conversion‹ genes coding for a ATP synthase and
various photosynthesis-related features such as photosystem II complex subunit Ycf12,
photosystem II CP47 chlorophyll apoprotein, photosystem II 4 kDa reaction centre
component, and D2 reaction centre protein of photosystem II, were observed. These
genes showed strong down-regulation, with a fold change ranging from -6 to -32 (Table
5.3).
Genes regulated only 18 days after onset of grazing
Eighteen days after onset of grazing, several other genes involved in carbon metabolism
were up-regulated. These included genes coding for an enzyme involved in glycolysis
(glyceraldehyde-3-phosphate dehydrogenase) and for an enzyme related to the pentose
phosphate pathway (PPP; 6-phosphogluconate dehydrogenase). These genes showed an
approximate 2-fold increase in expression level.
In the category ›defense mechanisms and stress response‹ the following features
were found to be up-regulated only 18 days after onset of grazing: papain family
cysteine protease, peroxidase 34 (PRX34), alkyl hydroperoxide reductase, the FeS
assembly protein SufD, methionine sulfoxide reductase, glutathione S-transferase (GST),
γ-glutamyl transpeptidase, and a multidrug/pheromone exporter (ABC superfamily).
The respective genes showed a 1.5- to 6.2-fold increase in expression (Table 5.2).
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Genes with unknown function
In addition to the abovementioned genes, several other genes without assigned functional
annotations showed the strongest up- or down-regulation induced by isopod consumption.
Compared to controls these genes showed up to 222 fold change in expression (Table
5.4).
Table 5.4: List of 15 F. vesiculosus genes that showed strong up-regulation 15 and/or 18 days
after onset of grazing. Identification of differentially expressed genes as well as calculation
and interpretation of fold changes (FCs) as described for Table 5.2. T0 = start of induction
phase; T15 and T18 = grazed F. vesiculosus 15 and 18 days after start of induction phase,
respectively. Genes with strong responses 18, but not 15 days after onset of grazing printed in
bold.
Fold change
Probe identifier T15 vs. T0 T18 vs. T0 T18 vs. T15
CUST_12858_PI408257168 -1.39 159.93 222.19
CUST_28903_PI408257168 5.01 21.66 4.33
CUST_39802_PI408257168 -56.32 1.69 94.90
CUST_45574_PI408257168 1.09 91.17 83.86
CUST_11626_PI408257168 -1.14 64.22 73.42
CUST_46204_PI408257168 1.41 1.41 36.43
CUST_7125_PI408257168 1.95 76.38 39.15
CUST_38027_PI408257168 1.72 39.77 23.16
CUST_7861_PI408257168 -1.33 54.89 73.01
CUST_39820_PI408257168 1.83 44.97 24.52
CUST_6231_PI408257168 2.95 17.22 5.84
CUST_18599_PI408257168 2.56 53.73 20.99
CUST_2459_PI408257168 1.58 52.67 33.29
CUST_3989_PI408257168 4.39 48.81 11.11
CUST_4443_PI408257168 1.15 41.99 36.57
Discussion
Dynamics in anti-herbivory defenses
Palatability of previously grazed F. vesiculosus was significantly reduced 18 and 27 days
after start of induction. A decrease in palatability of previously grazed F. vesiculosus
in feeding assays may have been caused by a significant removal of nutritious tissue
during the induction phase. However, this seems implausible for at least two reasons.
First, I. baltica consumed relatively small amounts, on average 10%, of F. vesiculosus
biomass until day 18 of the induction phase and 2% more during the next 9 days.
Second, I. baltica consumed in most feeding assays equal amounts of F. vesiculosus
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pieces that were or were not grazed in the induction phase for longer than 18 days. Thus,
sufficient amounts of tasty tissue were still available in previously grazed F. vesiculosus
beyond day 18.
It is therefore most likely that I. baltica preferred non-grazed over grazed F. vesiculosus
because of an induction of anti-herbivory defenses in grazed seaweed pieces. This
explanation is supported by the interval-wise analysis of results of feeding assays using
reconstituted food. Reconstituted food made from previously grazed F. vesiculosus was
significantly less consumed than food made from non-grazed pieces at exactly the same
times when these feeding preferences were detected in assays using fresh F. vesiculosus
pieces (18 and 27 days after onset of grazing). As potential morphological differences
between previously grazed and non-grazed F. vesiculosus pieces were eliminated in
artificial food pellets, isopod feeding preferences in reconstituted food assays can be
attributed to chemical differences in food quality (see also Rohde et al., 2004; Long et
al., 2007).
Defenses were first detectable 18 days after onset of grazing. This timing differs
from an isopod grazing period of 9-14 days that was required to induce defenses in
F. vesiculosus in previous studies (Rohde et al., 2004; Rohde & Wahl, 2008a; Yun et
al., 2012). Rohde and Wahl (2008a) suggested the induction of defenses to be triggered
by biomass loss rather than by the duration of grazing and proposed a loss of 5-10%
wet mass to represent the threshold at which benefits of protection against grazing may
outweigh defense costs in F. vesiculosus. In this study, 10.2% wet mass was lost after
18 days of grazing, which may have caused the delayed induction of defenses.
Furthermore, defenses were detected at two different time points during the induction
phase, suggesting alternations in the palatability of continuously grazed seaweed pieces.
The observed changes in F. vesiculosus palatability seemed to be inversely correlated
with isopod consumption during the induction phase (e.g. no consumption between
days 19-21 and 25-27, Fig. 5.2). Fucus vesiculosus seemed to turn defenses on when
grazing was intense (day 18) and turn them off again when grazing pressure was reduced
(day 21). Increasing seaweed palatability and, thus, increasing consumption after
day 21 possibly induced defenses again at day 27. This study indicates that grazing
pressure and induced seaweed responses are closely coupled and supports findings by
Flöthe and Molis (2013), who reported comparable dynamics in the palatability of the
closely related knotted wrack (Ascophyllum nodosum) that was continuously exposed
to periwinkles (Littorina obtusata). However, more seaweed species have to be tested
to assess the generality of temporally variable induced defenses and longer induction
experiments have to be run to test whether such fluctuations occur repeatedly as a
permanently pulsating defense.
Dynamic defense traits may be favorable to seaweeds for different reasons. Temporal
variation in palatability may increase feeding dispersal and reduce average meal size,
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reducing the risk of losing larger thallus fragment in consequence of localized grazing
(Hemmi et al., 2004). Furthermore, short-term changes in the defense status may
allow F. vesiculosus to counter temporary isopod attacks, whose grazing pressure varies
locally within hours to days (Rohde & Wahl, 2008b and references therein), with
reduced putative costs of defense (reviewed in Karban et al., 1999). Moreover, dynamic
anti-herbivory traits may complicate physiological grazer adaptations and may hamper
coevolution in seaweed-grazer interactions (Whitham, 1983).
Gene expression patterns
Microarray hybridizations revealed a differential expression of 1,148 genes in isopod-
grazed F. vesiculosus compared to non-grazed controls. Because stress has sweeping
ramifications on seaweed physiology (Wahl et al., 2011), it seems plausible that a large
number of genes was found to be differentially regulated. The number of differentially
expressed genes increased with time from day 15 to day 18, which seems reasonable
since effective defenses were first detected 18 days after the start of the induction phase.
Unfortunately, the timing of microarray analysis does not provide information about
gene regulation in the first hours following herbivore attack. However, 15 days after
onset of grazing approximately 600 genes were already differentially expressed specific
to grazing. Thus, the time span of 15 days (in which a mean biomass loss of 10%
was not yet reached) may be considered as an ›early‹ defense phase during which
defenses were not expressed, but the defense machinery has been primed. Nevertheless,
the large number of identical genes that was found 15 and 18 days after the onset
of grazing indicates that most of these ›early‹ induced processes were still activated
and/or suppressed at that time when defenses were present in feeding assays. The genes
involved and the corresponding processes, such as up-regulation of catabolic processes
and down-regulation of photosynthesis (Fig. 5.7), may be declared as a general stress-
or grazing response.
Around 450 genes (Fig. 5.5) were regulated only 18 days after the onset of grazing,
i.e. at a point in time when defenses were detected in feeding assays, which suggests
a more specific defense response at this stage. Furthermore, several genes showed a
significant difference in gene expression only between the days 15 and 18. These genes
and the corresponding processes are most probably involved in the defense response of
F. vesiculosus to Idotea grazing.
For example, several functional groups of genes related to the basal metabolism of
F. vesiculosus showed a considerable change in expression between day 15 and day
18 (KOG categories ›Metabolism‹, ›Energy production and conversion‹, ›Translation,
ribosomal structure and biogenesis‹, and ›Transcription‹). It is known that the induction
of plant anti-herbivory defenses requires a functional reorganization that involves
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Figure 5.7: Model showing grazing-induced changes in photosynthesis, carbohydrate and
lipid metabolism, and defenses in Fucus vesiculosus. Grazing by Idotea baltica results in
down-regulation of photosynthesis that would lead to a reduced availability of energy, reducing
power and precursors (dashed arrows). At the same time, grazing results in the activation of
glycolysis, pentose phosphate pathway (PPP) and β-oxidation, leading to the accumulation of
energy, reducing power and precursors that may then be used to induce defense mechanisms,
such as reactive oxygen species (ROS), secondary metabolites, and cysteine proteases (solid
arrows).
also primary metabolic processes, since increased requirements for energy, reducing
equivalents, and precursors have to be covered by these processes (Hermsmeier et
al., 2001). Fatty acid metabolism was up-regulated, including several genes involved
in fatty acid degradation (Fig. 5.7) that showed a 4-fold increase in the expression
level. Beta-oxidation generates acetyl-CoA which will enter the tricarboxylic acid
cycle (TCA cycle) that generates energy, precursors, and reducing equivalents for
numerous biochemical reactions (Bolton, 2009). Likewise, several genes relevant for
carbon metabolism, e.g. glycolysis, showed a 2-fold increase in expression 18 days
after onset of grazing. Glycolysis gains ATP by converting glucose to pyruvate, which
will subsequently enter the TCA cycle as acetyl-CoA (Bolton, 2009). Another major
source of reducing power and precursors that may be used in the biosynthesis of various
metabolites is the pentose phosphate pathway (Bolton, 2009) that was also up-regulated
in grazed F. vesiculosus (Fig. 5.7). In line with these findings, 15 and even more
pronounced 18 days after the start of grazing, 2-fold up-regulation of genes involved
in energy generation via the respiratory chain was observed. Breakdown of fats and
carbohydrates may be assumed as a cost associated with the induced grazing-response,
but may be necessary since the most important energy provider, photosynthesis, was
up to 32-fold down-regulated after 15 and 18 days of I. baltica grazing (Table 5.3).
The expression of genes coding for enzymes involved in photosynthetic processes and the
induction of plant defense mechanisms has been shown to be inversely correlated in the
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past (Bilgin et al., 2010 and references therein). A reduced investment in photosynthetic
proteins and the reallocation of resources from primary to secondary metabolism may
be necessary for an effective defense response (Fig. 5.7). Moreover, the primary CO2
storage compound of photosynthesis in F. vesiculosus is mannitol, which was shown to
be a feeding cue for the isopod I. baltica (Bidwell et al., 1972; Weinberger et al., 2011b).
Strong down-regulation of photosynthesis may have resulted in a reduced mannitol
content and, thus, a reduced attractiveness of F. vesiculosus for isopods.
Both 15 and 18 days after onset of grazing, genes involved in intracellular trafficking,
secretion, and vesicular transport were up-regulated. This category showed solely
up-regulation (fold change ranging from 1.6 to 6.3) but no down-regulation. The
intracellular trafficking system is responsible for the transport of most macromolecules
within the cell and may be essential for the transport of secondary metabolites between
cell compartments and the delivery of newly synthesized secondary metabolites to their
final destinations and/or secretion out of the cell (Grotewold, 2004; Yazaki, 2006). In
addition, the intracellular vesicle trafficking network of plants seems to be linked to
many signal transduction pathways and may be involved in the general response to
environmental stresses (e.g. Levine, 2002).
Genes allocated to the ›defense mechanisms and stress response‹ group were found
to be up to 12-fold up-regulated primarily 18 days after onset of herbivory (Table 5.2).
These included a lipoxygenase involved in the biosynthesis of jasmonic acid (JA), which
is part of the signal transduction pathway and leads to the induction of direct and
indirect plant defense responses (e.g. Bell et al., 1995). JA and its derivate methyl
jasmonate have been suggested to modulate also the defense behavior in F. vesiculosus
(Arnold et al., 2001). However, their role in seaweed defense is under debate (Wiesemeier
et al., 2008).
In addition, genes encoding substances similar to papain were up-regulated in grazed
F. vesiculosus. Konno et al. (2004) showed that papain-containing artificial diets are
toxic for silkworm larvae, indicating a key role in plant defense. Likewise, papain-like
cysteine proteases may play a crucial role in seaweed-herbivore interactions by reducing
grazer fitness and/or survivorship.
The cell wall peroxidase 34 (PRX34), which was also found to be up-regulated in
this study, was identified to be involved in the accumulation of reactive oxygen species
(ROS) in Arabidopsis thaliana (O’Brien et al., 2012), which play a role in plant defense
against herbivores (Leitner et al., 2005). This study provides evidence that oxidative
responses may also be a part of the induced anti-herbivory response in F. vesiculosus.
Production of ROS has also been reported in response to pathogen elicitors in marine
macroalgae (Bouarab et al., 1999; Weinberger & Friedlander, 2000; Küpper et al.,
2001) and may play a role in F. vesiculosus resistance against pathogens, which may
be able to enter at wounding sites caused by herbivore attack. However, since ROS
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production can also harm host plant cells, the activation of protective mechanisms is
necessary (Apel & Hirt, 2004). In this context, up-regulation of several genes encoding
for enzymes with antioxidant protective functions, that have already been found in the
brown seaweed Ectocarpus siliculosus (Cock et al., 2010), was observed in previously
grazed F. vesiculosus (e.g. alkyl hydroperoxide reductase).
Unfortunately, the genes which showed the highest up- or down-regulation after
15 and especially 18 days of grazing (up to 222 fold change in the expression level)
were those with unknown function (Table 5.4). Although it is not possible to draw
any concrete conclusions about their role in herbivore resistance, these genes may be
ecologically annotated as »defense-related genes« (Pavey et al., 2012) due to their
strong response to isopod grazing. In general, annotation success is < 50% for brown
algal genomic studies (e.g. Roeder et al., 2005; Wong et al., 2007; Pearson et al.,
2010; Heinrich et al., 2012a) due to long 3’UTR sequences (Apt et al., 1995) and the
evolutionary distance between heterokonts and available sequence data from other taxa
used for sequence comparisons (Pearson et al., 2010). The limited annotation success
makes it difficult to identify candidate genes for defense induction, in particular since
F. vesiculosus is a non-model organism and whole-genome sequencing is missing by now.
However, the observed strong regulated genes are interesting candidates for further,
more in-depth investigations in order to identify key genes in the anti-herbivory response
of F. vesiculosus.
The results presented in this study strongly suggest a finely adjusted response of
F. vesiculosus to isopod attack by using a temporally variable defense pattern, which is
similar to the dynamics in palatability shown for the related brown alga Ascophyllum
nodosum. Using several short defense pulses to repel herbivores may improve the
seaweed’s cost/benefit ratio, particularly since the deterrence of herbivores involves a
rearrangement of the metabolism from growth and primary metabolism towards defense.
In this regard, gene expression analysis revealed the degradation of storage compounds
in order to provide the required energy for defense induction, while photosynthesis
was strongly down-regulated (Fig. 5.7). These findings hint at possible costs for
defense induction and achieve a more comprehensive understanding of cellular processes
underlying seaweed-herbivore interactions.
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Abstract
Herbivory is a key factor for controlling seaweed biomass and community structure.
To cope with grazers, constitutive and inducible defenses have evolved in macroalgae.
Inducible chemical defenses show grazer-specificity and, at the same time, have the
potential to mediate interactions among different herbivores. Furthermore, temporal
variations in defense patterns, which may adjust anti-herbivory responses to grazing
pressure, were reported in two brown seaweeds. However, underlying cellular processes
are only rudimentarily characterized. To investigate the response of Fucus vesiculosus
(L.) to periwinkle (Littorina obtusata) grazing, feeding assays were conducted at several
times during a 33 day induction experiment. Underlying cellular processes were analyzed
through gene expression profiling. Furthermore, direct processes driving the anti-
herbivory response to periwinkle grazing and indirect effects on another herbivore, the
isopod Idotea baltica, were elucidated. Fucus vesiculosus showed multiple defense pulses
in response to periwinkle grazing, suggesting a high level of temporal variability in
anti-herbivory traits. Defense induction was accompanied by extensive transcriptome
changes. Approximately 400 genes were significantly up-/down-regulated relative to
controls, including genes relevant for translation and the cytoskeleton. Genes involved in
photosynthesis were mostly down-regulated, while genes related to the respiratory chain
were up-regulated, indicating alterations in resource allocation. The comparison of genes
regulated in response to isopod (previous study) and periwinkle grazing suggests specific
induction of several genes by each herbivore. However, grazing by both herbivores
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induced similar metabolic processes in F. vesiculosus. These common defense-related
processes reflected in strong indirect effects as isopods were also repelled after previous
grazing by L. obtusata.
Key words
Feeding preference, gene expression, Idotea baltica, Littorina obtusata, microarray,
phenotypic plasticity, seaweed-herbivore interaction, trait-mediated indirect interaction
Introduction
Canopy-forming macroalgae are of great importance as bioengineers in rocky intertidal
communities and support a complex food web by providing food, habitat, and protection
to several other epiphytic and associated organisms (e.g. Golléty et al., 2010, Watt &
Scrosati, 2013). Seaweed-herbivore interactions have been shown to be an important
structuring element in these coastal communities (Lubchenco & Gaines, 1981, Gaines
& Lubchenco, 1982) because herbivores are able to remove considerable amounts of
seaweed biomass (Poore et al., 2012).
Diverse traits have evolved in seaweeds to defend themselves against herbivory
(Duffy & Hay, 1990). These include traits that decrease seaweed attractiveness for
herbivores, complicate seaweed ingestion by herbivores, and/or are toxic for herbivores
(e.g. Pennings & Paul, 1992, Augner, 1995, Hay, 1996). Anti-herbivory defenses may be
costly to produce and to maintain (Strauss et al., 2002). Thus, permanently expressed
(= constitutive) defenses may be unnecessarily expensive when they are not always
needed. Thus, it can be advantageous for seaweeds to use defenses only on demand
(= inducible defense), e.g. at times of high grazing pressure (e.g. Zangerl et al., 1997,
Karban et al., 1999).
Potential costs of defense may be further reduced by temporal variation in inducible
anti-herbivory traits, e.g. by short-term defense pulses. Previous studies have shown, for
instance, that continuous isopod grazing resulted in small-scale temporal variations in
the palatability of two brown algal species, Ascophyllum nodosum and Fucus vesiculosus
(Flöthe & Molis, 2013, Flöthe et al., in press). Furthermore, inducible defenses do not
only reduce seaweed susceptibility to herbivore attack but also have the potential to
modify the feeding behavior of herbivores and competition among several herbivore
species may be mediated by induced changes in seaweed traits (Long et al., 2007, Yun
et al., 2010).
Although the ability of seaweeds to induce defenses in response to herbivory is well
established (Toth & Pavia, 2007), molecular mechanisms underlying these complex
responses have largely remained elusive. The brown alga F. vesiculosus was used to
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investigate several ecological (e.g. Hemmi et al., 2004, Rohde et al., 2004, Yun et al.,
2010) and chemical (e.g. Geiselman & McConnell, 1981, Deal et al., 2003, Kubanek
et al., 2004) aspects of the induced anti-herbivory defense and has recently become
the focus of an initial genomic study (Flöthe et al., in press). Findings from studies
on vascular plant defenses indicate that the response to grazing involves major shifts
in gene expression of both, gene products that are directly involved in defensive plant
responses and gene products without obvious deterrent functions (Cheong et al., 2002).
Similar processes seem to be involved in the induction of anti-herbivory defenses in
F. vesiculosus by isopod grazing (Flöthe et al., in press). However, in order to elucidate
general processes underlying defense induction in F. vesiculosus, more information about
the response of this seaweed to different herbivore species is needed. Yet, it is unknown
whether different herbivore species induce similar transcriptomic responses or whether
F. vesiculosus expresses specific genes in response to different attacking herbivores. As
the recognition of herbivore-specific cues may be an important mechanism for plants to
optimize their defense responses to the inducing grazer species (Roda et al., 2004), it can
be assumed that transcriptional changes elicited by herbivore grazing in F. vesiculosus
show inducer-specific patterns. This may be especially true for herbivore species with
different levels of specialization (Ali & Agrawal, 2012) or salivary components (Coleman
et al., 2007b). On the contrary, there may be also a number of unspecific genes generally
associated to the induction of anti-herbivory defenses.
In this study, an already established model system – the brown seaweed F. vesiculosus,
the periwinkle Littorina obtusata, and the isopod I. baltica – was used in a time series
experiment to address several questions. First, temporal variations in the chemical
anti-herbivory defense induced by continuous periwinkle grazing were investigated.
Second, cellular processes underlying this induced defense were elucidated. Genes
whose transcription changed early, late, transiently, or permanently during continuous
periwinkle grazing were identified. Also differences in the gene expression between
individual defense pulses were revealed. Third, periwinkle-induced processes were
compared to those that underlie defense induction in response to isopod grazing (Flöthe
et al., in press) in order to disclose universal as well as herbivore-specific processes.
Fourth, as a certain degree of herbivore-specificity in the anti-herbivory response was
assumed, results of a previous study (Long et al., 2007) were validated in order to
confirm the effect of a potential periwinkle-tailored defense on the isopod I. baltica.
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Material and methods
Study site
Organisms used in this study were collected during low tide in the mid rocky intertidal
at Kringel, Helgoland, NE Atlantic (54◦10’60” N, 7◦53’15’ ’E) in June 2011. At Kringel,
perennial canopy-forming brown seaweeds, in particular toothed wrack (Fucus serratus)
and bladder wrack (F. vesiculosus), and the irish moss Mastocarpus stellatus dominate
the intertidal. At the study site, the flat periwinkle (L. obtusata) is primarily associated
with, and preferentially feeds on both Fucus species (Enge, 2006, C. Flöthe, personal
observation).
Experimental set-up and design
A feeding assay-based induction experiment assessed whether palatability of apical
F. vesiculosus pieces varied during an induction and a reduction phase in response to
direct grazing by the periwinkle L. obtusata. The experiment was run in a laboratory
of the Biologische Anstalt Helgoland using a seawater flow-through system. Seawater
was pumped from the nearby (≤ 50 m) North Sea over a cotton filter into two 200
L tanks, from where transparent plastic aquaria (25 l volume; 480 × 230 × 260 mm)
were individually uni-directionally supplied at a mean (± SD) flow rate of 464 (± 87)
ml/min. To avoid animal escapes from the set-up, each aquarium was covered with a 3
mm thick transparent acrylic plate and each effluent pipe was covered with polystyrene
mosquito mesh (mesh size 1.5 mm). Two fluorescent tubes (Osram Lumilux Daylight L
36W/865) irradiated aquaria at a mean (± SD) photon flow rate of 223 (± 5) µmol
m-2 s-1 (PAR) in a 12:12 h light-dark cycle. Average (± SD) seawater temperature in
aquaria was 18.1 (± 0.5)◦C.
On 3 June 2011, 10 apical pieces lacking visual feeding scars were cut from 120
F. vesiculosus individuals. An algal individual was defined as the tissue stemming from
a single holdfast. Within 30 min all algal pieces were transported to the laboratory,
where macroscopic epibionts were gently removed with a soft sponge. To identify
genetically identical F. vesiculosus pieces in the set-up, they were marked with colored
threads. For each of 10 replicates, 5 pieces of each of 12 specimens were placed in a
control aquarium, while the other 5 pieces of the same specimens were allocated to
a treatment aquarium. This way, 12 × 5 (= 60) seaweed pieces were placed in each
aquarium (= 120 pieces per replicate × 10 replicates = 1200 pieces in total). To prevent
floating of F. vesiculosus pieces, they were separately anchored with cable ties (width
1.8 mm) to a polyethylene mesh (mesh size 2 mm) resting at the bottom of the aquaria.
Three sequential experimental phases were applied: acclimation, induction, and
reduction. During acclimation, algal pieces remained in the set-up for 4 days without
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grazers to recover from experimental manipulations and to reduce putative induced
defensive traits, which may have been attained by unknown grazing histories in the
field. According to prior studies, 3 days are sufficiently long to reduce anti-herbivory
defenses in F. vesiculosus (e.g. Rohde & Wahl, 2008a). Subsequently, wet mass of
F. vesiculosus pieces were determined by blotting them dry with paper towels for
20 seconds and weighing them to the nearest 0.001 g (Sartorius CPA323S, Sartorius,
Göttingen, Germany). This was the standard procedure to measure wet mass of food
items in this study.
On day 5 of the experiment, 5 genetically identical seaweed pieces were removed from
each control and treatment aquarium of all replicates (Fig. 6.1). Two of the 5 pieces were
transferred to feeding arenas with naïve grazers (= consumers, see subchapter »feeding
assays« for details). To determine autogenic wet mass changes during feeding assays, a
third piece was allocated to a feeding arena without consumers. A fourth piece was
stored at -80◦C for max. 4 weeks and used in feeding assays with artificial food pellets
(see subchapter »reconstituted food« for details). The fifth and final F. vesiculosus
piece was immediately shock frozen in liquid nitrogen, stored at -80◦C and used for gene
expression analysis within the next 5 months. Treatment and corresponding control
pieces originated from the same F. vesiculosus individual in the field to make sure that
expression differences between both pieces were not due to inter-individual variation.
The same day the 27 d induction phase was started by adding 55 L. obtusata individuals
(= inducers; ≥ 1 cm shell length) to each of the 10 treatment aquaria (now containing
55 seaweed pieces each), while grazers were absent from the remaining 10 aquaria (=
controls). The treatment and control aquaria of each replicate were paired and pairs
randomly arranged in the set-up. Every 3 days, 5 pieces of F. vesiculosus were removed
from all aquaria and allocated to feeding arenas or further processed as described above.
Also, 5 periwinkles were removed from each treatment aquarium every 3 days to apply
a comparable grazing pressure to residual F. vesiculosus pieces during the induction
phase. The wet masses of 10 F. vesiculosus pieces from each aquarium were measured
at the start of the induction phase and every 3 days thereafter to monitor herbivore
consumption during this experimental phase. The pieces were chosen randomly for each
3 day period and means were calculated from these 10 pieces as a replicate measure of
consumption for statistical analysis.
To test whether potential induced anti-herbivory traits are maintained after cessation
of grazing, inducers were removed at the beginning of the reduction phase. Three and 6
days later, 5 pieces of F. vesiculosus were removed from all aquaria and allocated to
feeding arenas or further processed as described for the induction phase.
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Figure 6.1: Schematic illustration showing the allocation of F. vesiculosus pieces (small
rectangles) for a single replicate at one of twelve sampling time points. Induction aquaria
contained 60 pieces (only 5 shown) at the beginning of the experiment from which 5 were
allocated to feeding arenas (circles) or gene expression analysis at each of the sampling times.
Dashed and dotted lines indicate containers with L. obtusata (feeding assays testing for direct
effects) and I. baltica (feeding assays testing for indirect effects), respectively. Solid lines
indicate containers without grazers. Letters and numbers indicate ungrazed and grazer-exposed
pieces of F. vesiculosus, respectively. Reconstituted food items (pentagons) used for feeding
assays with L. obtusata (subscript a) and I. baltica (subscript b), and corresponding autogenic
controls (subscript c) were derived from the same previously grazed or ungrazed seaweed piece.
Feeding assays
Fresh algae
Preference of herbivores for ungrazed or previously grazed F. vesiculosus was
determined every 3 days in 72 h two-choice feeding assays throughout the induction
and reduction phases. Plastic aquaria (8 l volume; 325 × 175 × 185 mm) were used
as feeding arenas, in which 10 L. obtusata or 1 male I. baltica (= consumers) could
choose between a previously grazed and a non-grazed piece of genetically identical
F. vesiculosus. To test for direct and indirect effects mediated by F. vesiculosus, both
the same and different species of inducer and consumer were used. Naïve consumers,
which were not in contact with F. vesiculosus during the induction phase, were used in
feeding assays to avoid grazer adaptations. Wet mass of F. vesiculosus pieces in feeding
arenas (= assayed alga) was measured at the beginning and end of feeding assays.
To correct consumption rates for non-feeding related (autogenic) changes in the wet
mass of an assayed alga, a second F. vesiculosus piece was withdrawn from the same
aquarium from which the assayed alga originated (i.e. assayed alga and its autogenic
control had comparable grazing histories during the experiment) and allocated to a
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feeding arena without consumers. By using the same number of autogenic controls
and assayed algae, the risk of underestimating error variance of autogenic controls,
and thus of committing a type I error, was reduced (Roa, 1992). Consumption of each
assayed algal piece was then calculated according to the following formula (adopted
from Cronin & Hay, 1996):
consumption = Tstart × (Cend/Cstart) – Tend
where Tstart and Tend represent the wet mass of an assayed algal piece before
and after the feeding assay, respectively, and Cstart and Cend represent pre- and
post-feeding assay wet mass of the corresponding autogenic control alga, respectively.
Reconstituted food
To determine whether induced changes in palatability were due to chemical, rather than
morphological grazer-deterrent traits, additional feeding assays with reconstituted food
were conducted. Fucus vesiculosus pieces that were stored at -80◦C were used for the
preparation of reconstituted food. Frozen pieces were freeze-dried for 24 h at -30◦C and
0.37 mbar (Christ Beta 1-8 LD plus, Martin Christ Gefriertrocknungsanlagen, Osterode
am Harz, Germany) before they were ground to a homogenous powder with a mixer
mill (Schwingmühle MM 400, Retsch Laborgeräte, Haan, Germany) for 10 seconds
at a frequency of 25 Hz. Afterwards, 0.4 g of this algal powder were mixed with 3.6
ml of molten agar (a blend of 0.02 g agar per ml of boiling distilled water) after agar
had cooled to 45◦C to minimize any thermal destruction of bioactive chemical seaweed
compounds. Subsequently, this alloy was poured on a mosquito mesh (mesh size 1.5
mm) and flattened between two PVC panels coated with wax paper (method adopted
from Hay et al., 1994). A 1 mm thick plastic template placed between both PVC panels
generated reconstituted food pellets of uniform thickness. After solidification, three
food items of 1.5 × 1.5 cm area were cut from each pellet.
One food item was used in a two-choice feeding assay with L. obtusata, while the
second one was used in a feeding assay with I. baltica. The third food item was used
as an autogenic control. Each of the three food items was placed in a glass Petri dish
(Ø 10 cm, 2 cm height) and transferred to a separate feeding arena (specifications see
section »fresh algae«). Each feeding arena contained one Petri dish with a food item
made from a previously grazed F. vesiculosus piece and a second Petri dish with a food
item made from an ungrazed piece of F. vesiculosus. Placing food items in Petri dishes
within feeding arenas permitted correct allocation of fragments, which occasionally
broke off by grazer activities, to original food items. Both food items in a feeding arena
were weighed at the beginning of a feeding assay and consumers (10 L. obtusata or 1
male I. baltica) were added. Feeding arenas which assessed autogenic wet mass changes
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remained without consumers. Feeding assays were terminated and wet mass of food
items measured again after 3 days or when ≥ 50% of one food item was consumed,
whichever occurred first.
RNA extraction and microarray hybridizations
Results from feeding assays suggested a strong decline in F. vesiculosus palatability from
day 12 to 15 and again from day 21 to 24. Therefore, expression patterns of seaweed
genes were examined at the following points in time: shortly after the beginning of
grazing to include the initial response to grazing (day 3), as well as shortly before (day
12 and day 21) and while (day 15 and day 24) ungrazed control F. vesiculosus pieces
were significantly preferred over previously grazed pieces in feeding assays. Grazing-
induced differentially expressed genes were identified by comparing ungrazed control
F. vesiculosus pieces with grazed pieces at the given time points. Thus, total RNA of
grazed as well as of ungrazed F. vesiculosus pieces collected at the abovementioned times
was extracted and hybridized against pooled RNA from 5 F. vesiculosus individuals
that were collected at day 0.
Frozen pieces of F. vesiculosus were ground with mortar and pestle in liquid nitrogen
and transferred to 2.0 ml tubes (Eppendorf, Hamburg, Germany). For isolation of
total RNA 1 ml extraction buffer (2% CTAB, 1 M NaCl, 100 mM Tris pH 8, 50 mM
EDTA pH 8; adapted from Heinrich et al., 2012b) and 25 µl DTT 2 M were added
to the ground tissue and mixed using a vortex mixer. After incubation at 45◦C for
15 min two consecutive chloroform extractions were performed (method adopted from
Pearson et al., 2006). Subsequently, total RNA was extracted using the ›RNeasy Plant
Mini Kit‹ (Qiagen, Hildesheim, Germany) according to the manufacturer’s protocol
including on-column DNA digestion. RNA quantity and quality were determined using
a NanoDrop ND-1000 spectrophotometer (PeqLab Biotechnologie, Erlangen, Germany).
RNA integrity was verified with the 2100 Bioanalyzer (Agilent Technologies, Palo Alto,
USA) using a RNA 6000 Nano Chip.
The Agilent ›Two-Color Low input Quick Amp Labeling Kit‹ was used for am-
plification, reverse transcription, and labelling of 200 ng of total RNA according to
the manufacturer’s protocol. RNA Spike-In Mix was added to RNA samples prior to
labelling to serve as internal standard and benchmark for hybridization performance.
RNA from seaweed pieces that were collected at day 0 was labelled with cyanine-5 (Cy5),
while RNA isolated from control and previously grazed F. vesiculosus pieces from all
other time points was labelled with cyanine-3 (Cy3). Due to the presence of long 3’UTR
sequences in brown seaweed, random hexamers with attached T7 promotor were added
as a minor modification (Apt et al., 1995). Subsequently, cRNA concentration and dye
incorporation rates were determined using the NanoDrop ND-1000 spectrophotometer
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(PeqLab Biotechnologie, Erlangen, Germany). Hybridizations were carried out in 5
biological replicates onto 4x44K microarray slides, which were designed with the Agilent
eArray platform, using the Agilent Gene Expression Hybridization Kit according to
the manufacturer’s protocol. Slides contained oligonucleotide 60mers designed from
a F. vesiculosus cDNA library containing transcripts of grazed F. vesiculosus (data
available on request). 24,927 transcripts were represented by either 1 or 2 individual
probes. Microarray slides were placed in Agilent SureHyb hybridization chambers and
incubated for 17 h at 65◦C in an Agilent Microarray Hybridization Oven. Microarray
disassembly and washing was performed according to the manufacturer’s instructions
and slides were scanned with the Agilent G2565AA Microarray Scanner system at 5
µm resolution.
Statistical analyses
Fucus vesiculosus palatability
Periwinkle consumption rate during 3 day intervals in the induction phase was ana-
lyzed by resampling without replacement, using a Monte Carlo analysis with 10,000
permutations (Bärlocher, 1999).
A repeated measures analysis of variance (RM-ANOVA) was used to test for the effects
of L. obtusata grazing (within-subject measure: 2 levels, fixed) on the palatability of
F. vesiculosus pieces for both consumer species (between-subject measure: 2 levels, fixed)
at different times of the induction phase (between-subject measures: 9 levels, fixed) and
reduction phase (between-subject measures: 2 levels, fixed). As the within-subject factor
had only two levels, testing for sphericity is not applicable (Quinn & Keough, 2002).
Due to experimental confirmation that L. obtusata induces anti-herbivory defenses in
F. vesiculosus (Long et al., 2007), one-tailed paired t-tests were performed as post-hoc
tests. In order to reveal which combination of treatments caused significant interactions,
t-tests were performed separately for each time point. Prior to statistical analyses,
normal distribution of differences between ungrazed and previously grazed seaweed
pieces was confirmed using the Kolmogorov-Smirnov test. As the probability of finding
the number of significant t-tests by chance was always ≤ 5%, no Bonferroni correction
was calculated (Moran, 2003).
Microarray hybridizations
Microarray raw data extraction from scanned images and LOWESS (locally weighted
scatterplot smoothing) normalization were carried out with the Agilent Feature Ex-
traction Software (version 10.7.31). For monitoring array quality the Agilent QC Tool
with the metric set GE2_QCMT_Feb07 was used. LOWESS normalized expression
values were analyzed with the Agilent GeneSpring GX software (Version 11) to identify
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genes differentially regulated relative to day 0. Average intensity values across replicates
were used for statistical analysis by two-way ANOVA with treatment (2 levels, fixed)
and time (3 levels, fixed) as main factors. An ANOVA p-value of 0.01 was chosen to
indicate statistical significance. Subsequently, fold change analysis with a cut-off of
1.5 was performed on genes that were found to be differentially expressed from the
statistical analysis. The option ›pairs of conditions‹ was used to perform pairwise
comparisons of microarray data from two conditions (e.g. control vs. treatment at each
time point). A 1.5-fold cut-off was chosen to avoid underestimation of the extent of
up- or down-regulation since also a minute change in the transcriptional abundance
(e.g. of a transcription factor) could lead to a considerable biological effect (Reymond
et al., 2004). Afterwards, expression values of controls (e.g. control day 3 vs. day 0)
were subtracted from corresponding treatment values (e.g. treatment day 3 vs. day 0)
at each time point to obtain only grazing-related changes in gene expression.
Statistically significant genes were annotated by sequence comparisons using NCBI
sequence database, Swiss-Prot protein knowledgebase, Clusters of eukaryotic or-
thologous groups (KOG), and Pfam protein families database with an e-value cut-
off of 10-7. Microarray data have been deposited in the NCBI Gene Expres-
sion Omnibus and are accessible through GEO Series accession number GSE53262
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE53262).
Results
F. vesiculosus palatability
All F. vesiculosus pieces exposed to inducers during induction phase showed visual
grazing damage. Average grazer consumption during induction phase was 2.3 % of
initial wet weight. Consumption of F. vesiculosus by L. obtusata was not significantly
different during the induction phase (resampling: p = 0.726, Fig. 6.2).
Feeding assays
Direct effects
At the end of the acclimation phase, L. obtusata consumed equal amounts of F. vesicu-
losus pieces from designated control and treatment aquaria in assays using fresh algae
(one-tailed paired t-test: t9 = -0.33, p = 0.375) as well as in feeding assays using
reconstituted food (one-tailed paired t-test: t9 = -0.14, p = 0.448).
During induction phase, L. obtusata significantly preferred control pieces over pre-
viously grazed pieces in both fresh and reconstituted food assays (Table 6.1). The
amount of seaweed biomass consumed by L. obtusata varied with time and there was a
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Figure 6.2: Consumption of Fucus vesiculosus by Littorina obtusata during 3 day intervals
in the induction phase. Data are shown as mean ± SE (n = 10).
significant interaction between treatment and time in fresh food feeding assays. Pre-
viously non-grazed fresh F. vesiculosus pieces were significantly more consumed than
L. obtusata grazed pieces in the feeding assays conducted after 15, 24 and 27 days
of grazing in the induction phase (Table 6.2). During reduction phase, L. obtusata
continued to significantly prefer fresh control pieces over previously grazed pieces 3, but
not 6 days after grazing had ceased (Table 6.2, Fig. 6.3A).
Similarly, L. obtusata consumed significantly more reconstituted food made from
previously ungrazed F. vesiculosus than reconstituted food made from F. vesiculosus
pieces that were grazed in the induction phase by L. obtusata for 15, 18, and 27 days.
In the reduction phase, controls were also significantly preferred over previously grazed
F. vesiculosus pieces 3, but not 6 days after grazers were removed from aquaria (Table
6.2, Fig. 6.3C).
Indirect effects
Idotea baltica consumed equal amounts of F. vesiculosus pieces from designated control
and treatment aquaria in assays using fresh algae (one-tailed paired t-test: t9 = -0.69,
p = 0.253) as well as in feeding assays using reconstituted food (one-tailed paired t-test:
t9 = 0.56, p = 0.296) directly after the acclimation phase.
During induction and reduction phase, I. baltica consumed significantly more of fresh
F. vesiculosus than L. obtusata in feeding assays (Table 6.1). Nevertheless, isopods also
significantly preferred control pieces over previously grazed pieces in both fresh and
reconstituted food assays. In fresh food feeding assays, this preference was dependent
on the time of previous grazing (Table 6.1).
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Figure 6.3: Mean ± SE consumption of fresh (A) and reconstituted (C) Fucus vesiculosus
pieces by the periwinkle Littorina obtusata (= direct effects) and fresh (B) and reconstituted
(D) Fucus vesiculosus pieces by the isopod Idotea baltica (= indirect effects) in two-choice
feeding assays during induction (day 3 to 27) and reduction (days 30 and 33) phase. n = 10,
except for day 12 when one replicate was lost in reconstituted food feeding assays conducted
with L. obtusata and I. baltica. Grey bars = F. vesiculosus pieces without previous exposure to
grazing (controls); open bars = previously grazed seaweed pieces. Asterisks indicate significant
differences based on results of one-tailed paired t-tests comparing distribution of differences
between control and grazed pieces against the null-hypothesis of no difference.
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Ungrazed fresh pieces of F. vesiculosus were significantly more consumed by I. baltica
than pieces that were previously grazed for 9, 15, 21, 24, and 27 days by L. obtusata
(Table 6.2, Fig. 6.3B).
In the reconstituted food assays, I. baltica significantly preferred food made from
previously ungrazed F. vesiculosus over food made from F. vesiculosus pieces that were
grazed in the induction phase by L. obtusata for 15, 21, and 27 days (Table 6.2, Fig.
6.3D).
There were no significant differences in the consumption of previously grazed and
non-grazed F. vesiculosus pieces during the reduction phase in both, assays with fresh
seaweed pieces and reconstituted food.
Gene expression analysis
Microarray analyses demonstrated differential gene expression in F. vesiculosus grazed
by L. obtusata compared to the corresponding control pieces. A total of 426 individual
genes were differentially expressed in seaweed pieces that were previously grazed for
3, 12, 15, 21, and 24 days compared to controls. The number of up-/down regulated
genes stayed nearly constant at the days 3, 12, and 15 (61/124, 66/115 and 46/195,
respectively), then increased to 119/151 (day 21), and finally decreased to 88/99 (day
24). Fifty-five genes were commonly expressed at all points in time, whereas 42, 24, 37,
40, and 14 genes were uniquely regulated 3, 12, 15, 21, and 24 days after the start of
the induction phase, respectively. Altogether about 30% of all regulated genes could be
functionally annotated and assigned to KOG categories giving insights in their function.
Patterns after 3 days of grazing
Most genes that were up-regulated after 3 days of L. obtusata grazing could not be
assigned to any KOG category since there was no functional annotation data available.
One gene encoding for a ribosomal protein could be assigned to the category ›Transla-
tion, ribosomal structure and biogenesis‹ and one gene encoding for the beta chain of
tubulin was assigned to the category ›Cytoskeleton‹.
Genes that were down-regulated 3 days after the start of the induction phase included
genes belonging to the KOG categories ›Energy production and conversion‹, ›Transla-
tion, ribosomal structure and biogenesis‹, and ›Cytoskeleton‹. Down-regulated genes
related to translation primarily encoded for ribosomal proteins. The category ›Energy
production and conversion‹ was almost exclusively comprised of genes involved in photo-
synthesis (e.g. D2 reaction center protein of photosystem II, fucoxanthin-chlorophyll a-c
binding protein, photosystem II 4 kDa reaction centre component, and oxygen-evolving
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enhancer protein 3). Within the category ›Cytoskeleton‹, genes encoding for actin and
the F-actin-capping protein subunit beta were found.
Patterns after 12 days of grazing
Most of the genes that were up-regulated in F. vesiculosus 12 days after the start of the
induction phase could be assigned to the KOG categories ›Cytoskeleton‹, ›Translation‹,
and ›Chromatin structure and dynamics‹. Up-regulated genes related to the cytoskeleton
encoded actin, cofilin, gelsolin, and profilin. Genes involved in translation encoded
ribosomal proteins, while genes relevant for chromatin structure encoded histones.
Genes that were down-regulated 12 days after the onset of grazing included genes
belonging to the categories ›Translation, ribosomal structure and biogenesis‹, ›Cy-
toskeleton‹, and ›Energy production and conversion‹. Genes belonging to the category
›Translation, ribosomal structure and biogenesis‹ encoded ribosomal proteins, which
were different from the up-regulated genes assigned to this category. Genes related to the
cytoskeleton encoded actin, the tubulin β-chain, and the F-actin-capping protein subunit
beta. The category ›Energy production and conversion‹ contained only photosynthesis-
related genes (e.g. P700 apoprotein A1 of Photosystem I, fucoxanthin-chlorophyll a-c
binding protein, oxygen-evolving enhancer protein 3).
Patterns after 15 days of grazing
Sixty-three per cent of all annotated genes that were up-regulated after 15 days of
grazing were assigned to the category ›Energy production and conversion‹. A number of
these genes encoded for proteins related to photosynthesis (e.g. fucoxanthin chlorophyll
a/c binding protein), while few genes encoded proteins involved in the respiratory chain
(e.g. cytochrome c and NADH-ubiquinone oxidoreductase).
Most genes down-regulated in F. vesiculosus 15 days after onset of grazing were
allocated to the KOG categories ›Translation, ribosomal structure and biogenesis‹,
›Cytoskeleton‹, and ›Energy production and conversion‹. Genes assigned to the cat-
egory ›Translation, ribosomal structure and biogenesis‹ mostly encoded ribosomal
proteins. The category ›Cytoskeleton‹ was comprised of genes coding for actin, gelsolin,
tropomyosin, and coactosin. Genes belonging to the category ›Energy production
and conversion‹ included various genes encoding photosynthesis-related proteins, such
as oxygen-evolving enhancer protein 3, D2 reaction center protein of photosystem
II, photosystem II 4 kDa reaction centre component, and fucoxanthin-chlorophyll a-c
binding protein, as well as for the large subunit of ribulose-1,5-bisphosphate carboxy-
lase/oxygenase.
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Patterns after 21 days of grazing
Most genes that were up-regulated 21 days after the onset of L. obtusata grazing
were assigned to the following KOG categories: ›Energy production and conversion‹,
›Cytoskeleton‹, ›Translation, ribosomal structure and biogenesis‹. Detected genes
in the category ›Energy production and conversion‹ included features involved in
the respiratory chain (e.g. cytochrome c, cytochrome c oxidase subunit I, NADH
dehydrogenase [ubiquinone]) and photosynthesis (e.g. fucoxanthin-chlorophyll a-c
binding proteins B and E). Genes relevant for translation encoded ribosomal proteins.
Concerning genes related to the cytoskeleton, genes encoding actin, an actin binding
protein, profilin, gelsolin, and the beta chain of tubulin were found to be up-regulated.
Down-regulated genes could be allocated primarily to the categories ›Translation,
ribosomal structure and biogenesis‹, ›Cytoskeleton‹, and ›Energy production and
conversion‹. The KOG category ›Translation, ribosomal structure and biogenesis‹ was
mainly comprised of ribosomal protein genes, which were different from the up-regulated
genes assigned to this category. Genes allocated to the cytoskeleton category included
only genes encoding actin, while the category ›Energy production and conversion‹ con-
tained primarily genes related to photosynthesis (e.g. oxygen-evolving enhancer protein
3, P700 apoprotein A1 of Photosystem I, fucoxanthin-chlorophyll a-c binding protein,
D2 reaction center protein of photosystem II, and photosystem II 4 kDa reaction centre
component).
Patterns after 24 days of grazing
Genes that were up-regulated in F. vesiculosus after 24 days of L. obtusata grazing
mainly belonged to the categories ›Translation, ribosomal structure and biogenesis‹,
›Cytoskeleton‹, and ›Energy production and conversion‹. Translation-related genes
encoded the translation associated protein 7 and several ribosomal proteins. Features
relevant for the cytoskeleton included actin, tubulin, profilin, and a formin homo-
logue. Genes assigned to the category ›Energy production and conversion‹ encoded
proteins involved in the respiratory chain (e.g. cytochrome c, NADH dehydrogenase
[ubiquinone] 1 beta subcomplex subunit 3) and a few photosynthesis-related proteins
(e.g. fucoxanthin-chlorophyll a-c binding protein E).
Seventy-three per cent of all annotated genes that were down-regulated 24 days
after the onset of grazing were assigned to the following two KOG categories: ›Energy
production and conversion‹ and ›Translation, ribosomal structure and biogenesis‹.
The category ›Energy production and conversion‹ primarily included genes coding for
photosynthesis-related genes, such as the D2 reaction center protein of photosystem
II, P700 apoprotein A1 of Photosystem I, Photosystem II 4 kDa reaction centre
component, and the large subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase.
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Genes involved in translation encoded ribosomal proteins and were different from the
up-regulated genes assigned to this category.
Discussion
Consumption of F. vesiculosus pieces previously grazed by L. obtusata was significantly
lower compared to controls at several times during the induction phase. Reduced
palatability of previously grazed seaweed pieces was most likely caused by an induction
of anti-herbivory defenses, and not by the removal of all tasty tissue parts during the
induction phase, since only 2.3 % of algal tissue were consumed during this phase. Recon-
stituted food assays confirmed consumer preferences of assays using fresh F. vesiculosus.
Since any morphological differences between previously grazed and ungrazed seaweed
pieces were eliminated during the preparation of artificial food pellets, the induced
anti-herbivory defense seems to be of chemical nature. This interpretation corroborates
results of previous studies testing for the induction of chemical defenses in F. vesiculosus
(e.g. Rohde et al., 2004, Long et al., 2007, Yun et al., 2007).
However, both types of feeding assays, i.e. assays with reconstituted food and fresh
seaweed pieces, showed that defenses were switched on and off alternately in the course
of the induction phase after their initial detection at day 9 and 15, respectively (Fig. 6.3).
These results corroborate a temporally variable defense in response to I. baltica grazing
in F. vesiculosus (Flöthe et al., in press). Correspondingly, periwinkle consumption
rates in induction aquaria showed a decline until day 15 when an induced defense
was detected in feeding assays and a second decline after day 24 when defenses were
again detected in feeding assays. However, consumption of inducers did not vary
significantly during the induction phase, possibly due to the fact that inducers were
forced at all times to feed on F. vesiculosus pieces in the induction aquaria because
there was no alternative choice. In contrast, periwinkles were allowed to choose between
treated and control F. vesiculosus pieces in feeding assays and were able to feed on
control pieces at times when previously grazed pieces were less palatable than controls.
The observed variation in palatability of continuously periwinkle-grazed F. vesiculosus
supports findings by Flöthe and Molis (2013) and Flöthe et al. (in press), who reported
comparable dynamics in L. obtusata grazed Ascophyllum nodosum and I. baltica grazed
F. vesiculosus. Temporal variation in the induction of anti-herbivory responses is also
known from terrestrial plants (e.g. Turlings et al., 1995) and may be favorable for
different reasons. First, by using defense pulses grazers may be deterred at minimum
cost (see Flöthe et al., in press). Second, temporal variation in palatability lowers the
predictability of food quality, leading to increased feeding dispersal and reduced average
meal sizes of herbivores (Borell et al., 2004). Hence, localized grazing and consequently
the probability of wave-induced frond breakage at damaged thallus segments will be
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reduced. Third, dynamic defense responses may hamper physiological grazer adaptations
and coevolution in seaweed-herbivore interactions (Gardner & Agrawal, 2002).
Fresh food feeding assays revealed a prolongation of individual defense pulses after
day 21. An extended defense pulse was not detectable in reconstituted food assays,
indicating that additional morphological defense traits may have been induced after
three weeks of L. obtusata grazing. Unfortunately, thallus toughness of grazed and
ungrazed F. vesiculosus pieces was not measured in this study. However, herbivore
consumption has previously been shown to be negatively correlated with tissue toughness
(Pennings & Paul, 1992, Chavanich & Harris, 2002) and the combination of chemical
and morphological defenses is a known strategy of coral reef seaweeds (Paul & Hay,
1986, Hay et al., 1994). This strategy could be used also by temperate seaweeds like
F. vesiculosus to ensure effective herbivore deterrence.
Seaweed-mediated indirect effects
Grazing by L. obtusata induced a defense response with low specificity, i.e. it de-
creased F. vesiculosus palatability for both consumer species. A reduction of previously
L. obtusata grazed fresh and reconstituted F. vesiculosus for I. baltica indicates a
seaweed-mediated indirect effect on isopod feeding. Thus, L. obtusata indirectly re-
duced energy intake of I. baltica from their shared resource and may be considered as
the superior competitor. Long et al. (2007) experimentally documented a lower density
of Littorina littorea on L. obtusata grazed than on ungrazed F. vesiculosus, suggesting
that grazing by L. obtusata drives competitors away from the shared resource. However,
results from fresh and reconstituted food feeding assays indicate that the differential
palatability of F. vesiculosus and thus indirect competition between both grazer species
may vary with time.
The temporal difference in the initial detection of anti-herbivory defenses in feeding
assays using I. baltica and L. obtusata (9 and 15 days, respectively) may have arisen
because L. obtusata is a feeding specialist and may have gained a greater tolerance to
the induced defense of F. vesiculosus by co-evolutionary processes compared to the
generalist I. baltica (Ali & Agrawal, 2012). Furthermore, slow-moving periwinkles are
subjected to induced defense responses for longer time spans compared to fast-moving
isopods. This may have fostered a greater tolerance of L. obtusata against defenses
induced in its prey (see also Duffy & Hay, 1994). However, earlier deterrence of isopods
compared with periwinkles was not apparent in feeding assays using reconstituted
food. As shown by Nietsch (2009), thallus toughness and palatability to I. baltica are
negatively correlated in F. vesiculosus, and I. baltica may have been deterred by induced
morphological seaweed trait(s) at day 9.
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Interestingly, feeding assays revealed that L. obtusata and I. baltica showed slight
differences with respect to the time points at which controls were preferred over
previously grazed pieces, possibly due to different tolerance levels for defense metabolites.
Sotka and Gantz (2013) showed that herbivore consumption rates in no-choice feeding
assays were limited by seaweed extract intake rates. These results are in accordance
with the detoxification limitation hypothesis (reviewed by Marsh et al., 2006) suggesting
that the quantity of a plant eaten by an herbivore is largely dependent on the ability of
the herbivore to eliminate the plant’s secondary metabolites. This may also explain the
slight differences in the timing of the defense pulses between fresh and reconstituted
food feeding assays. Possibly a difference in the concentration of secondary metabolites
between fresh seaweed pieces and artificial food pellets caused small discrepancies in
the time at which the herbivore’s tolerance limit was reached.
Gene expression patterns
Gene expression analysis was applied to elucidate cellular processes involved in the
phenotypically plastic anti-herbivory response of F. vesiculosus to L. obtusata grazing.
About 180 genes were differentially expressed in response to grazing 3, 12 and 24
days after onset of grazing, while approximately twice as many genes were up- or
down-regulated after 15 and 21 days. Although this study cannot provide information
about gene regulation in the first hours following herbivore attack due to the timing
of microarray analysis, the observed numbers of regulated genes suggest (i) a general
grazing and/or stress response in place already 3 days after the onset of grazing, which
is enhanced by (ii) an additional, more specific response that involves the regulation
of more genes once defenses were first detected in feeding assays (day 15), and (iii) a
return to the ›basal stress level‹ in the late induction phase.
Grazing periwinkles often inflict severe wounds to algal fronds (Pavia & Toth, 2000,
Viejo & Åberg, 2003). Therefore, differential gene expression between previously grazed
and non-grazed F. vesiculosus pieces may not be explained by the induction of anti-
herbivory traits alone, but also by the physical damage requiring tissue repair, which
was, however, not investigated in this study.
In general, all points in time share a strong up- and down-regulation of translation-
associated proteins. The regulation of genes related to the basal metabolism has already
been described for isopod-grazed F. vesiculosus (Flöthe et al., in press) and may indicate
that increased protein synthesis, i.e. translation of already existing mRNA transcripts,
plays an important role in defense induction.
Genes encoding proteins involved in photosynthesis were down-regulated within 3
days after herbivore attack and kept on a low level throughout the entire grazing period,
i.e. also between single defense pulses. Although photosynthesis is the most important
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energy provider of photoautotrophs, photosynthetic processes are known to be inversely
correlated with the induction of defense mechanisms (e.g. Bilgin et al., 2010, Flöthe
et al., in press). Down-regulating photosynthesis may be advantageous for plants for
several reasons. First, reduced investment in photosynthetic proteins may facilitate
resource reallocation from primary to secondary metabolism. Second, oxidative damage
by toxic oxygen derivatives generated by the photosynthetic electron transport chain
may be minimized (Niyogi, 2000). Third, the primary product of photosynthesis in
F. vesiculosus is mannitol, which attracts isopods (Bidwell et al., 1972, Weinberger
et al., 2011b) and may also be a feeding cue for periwinkles. Down-regulation of
photosynthesis may thus prevent the attraction of additional grazers and possibly also
of the inducing herbivore L. obtusata.
In contrast, genes involved in energy generation via the respiratory chain were found
to be up-regulated 15, 21, and 24 days after the onset of grazing. It has already been
shown that isopod-grazed F. vesiculosus seems to use storage compounds to cover
its increased requirements for energy, reducing equivalents, and precursors (Flöthe et
al., in press). Therefore, the degradation of lipids and carbohydrates and generation
of energy via the respiratory chain are likely to increase also in periwinkle-grazed
F. vesiculosus, especially when photosynthesis is down-regulated. The usage of reserves
may be interpreted as a cost associated with the induction of anti-herbivory defenses.
In addition, changes in gene expression indicating rearrangements of the cytoskeleton
were found at almost all times. Phenolic compounds, such as phlorotannins, are
important cell wall constituents in brown seaweeds and are furthermore suggested to
have anti-feeding activity. Phlorotannins are located inside the cells in vesicles which
are moved along cytoskeletal filaments and accumulate at wound sites within three days
after wounding (Fagerberg & Dawes, 1977, Schoenwaelder & Clayton, 1999, Lüder &
Clayton, 2004). Also vesicles containing other secondary metabolites with defensive
attributes may be transported via the cytoskeleton (e.g. Reis et al., 2013). Therefore,
reorganization of the cytoskeleton throughout the induction phase may be related to
the healing of wounds caused by continuous exposure to grazing and/or transport of
defense metabolites.
A comparison of the two defense pulses (day 15 and day 24) shows that the first,
compared to the second pulse entailed a larger number of regulated genes. This difference
may hint at a mechanism similar to priming, which was also found in the brown alga
Laminaria digitata (Thomas et al., 2011). Priming may have occurred during the
first defense pulse leading to a smaller number of regulated genes during the second
defense pulse. Moreover, the two defense pulses shared about 50% of their regulated
genes. Some of these common genes were involved in energy production and conversion,
translation, and the rearrangement of the cytoskeleton and may be considered as general
stress response genes. Due to missing annotation data for the remaining genes, drawing
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conclusions about the processes that may be unique to one or another defense pulse
and potential priming mechanisms is difficult.
Comparing changes in F. vesiculosus gene expression induced by
periwinkle and isopod grazing
When comparing transcriptional changes in response to L. obtusata and I. baltica
grazing at points in time when palatability of previously grazed F. vesiculosus was
significantly reduced relative to ungrazed controls, it becomes evident that to some
extent both herbivore species elicit similar cellular processes in F. vesiculosus. These
common processes include down-regulation of photosynthesis and up-regulation of genes
related to the respiratory chain (Fig. 6.4). This similarity in grazing-induced cellular
processes is reflected by about 50 commonly regulated genes and is corroborated by a
low specificity of effect (i.e. damage by L. obtusata increases also resistance to I. baltica).
.
Figure 6.4: Number of differentially expressed Fucus vesiculosus genes with a ≥ 1.5 or ≤
-1.5 fold change and cellular processes underlying defense induction in response to grazing
by Littorina obtusata and Idotea baltica. Overlap displays (1) the number of regulated genes
and (2) common up- and down-regulated cellular processes which were induced in response
to both herbivore species. Only genes that were differentially expressed between controls
and previously grazed F. vesiculosus pieces at time points, when a reduced palatability of
previously grazed pieces was detected in feeding assays (this study: 15 and 24 days after start
of induction; Flöthe et al., in press: 18 days after onset of grazing), were considered.
Many of these genes lack functional annotations so far. However, they are interesting
candidates for further, more in-depth studies and should be examined for similar
expression patterns in F. vesiculosus in response to grazing by other herbivore species
and also in other seaweed species facing herbivore attack.
On the other hand, numerous genes were up- or down-regulated by only one of the two
herbivore species. Herbivory is unavoidably accompanied by wounding. Vascular plants
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were shown to respond differently to wounding by herbivores representing different
feeding modes (Walling, 2000). Also some of the observed differences in gene expression
between periwinkle (radula) and isopod (mandibles) grazed F. vesiculosus may be
attributed to differences in mechanical damage. However, a study using the related
brown alga Ascophyllum nodosum did not find induction of anti-herbivory traits in
response to artificial damage alone (Pavia & Toth, 2000, Borell et al., 2004), while
defenses were induced by adding saliva components to artificially created wounds
(Coleman et al., 2007b). Likewise, grazing by several herbivore species induces a
defense in F. vesiculosus, whereas mechanical damage does not (e.g. Rohde et al.,
2004). Therefore, it can be assumed that additional herbivore-specific elicitors are
involved in the induction of the anti-herbivory response. Thus, differences in the
gene regulation elicited by L. obtusata and I. baltica may be caused by differences in
saliva and/or regurgitate composition (Coleman et al., 2007b), microbial commensalists,
pathogen vectoring or level of specialization (Ali & Agrawal, 2012). Furthermore, as
L. obtusata consumed less F. vesiculosus during the induction phase compared to
I. baltica, differences in the gene regulation in response to periwinkle and isopod attack
may have been caused or reinforced by the different grazing rates.
When comparing the transcriptional response of F. vesiculosus to both herbivores, it
becomes apparent that (1) isopod feeding changed the expression of more than twice as
many genes as periwinkle grazing and that (2) only a small number of defense-related
genes were induced by periwinkle feeding, while isopod feeding increased the expression
of several defense-related genes (e.g. lipoxygenase, peroxidas 34, cytochrome P450)
and to a much greater extent than periwinkle grazing (up to 12.2-fold up-regulation
compared to controls). It may be suggested that adapted specialists (L. obtusata) may
have evolved mechanisms to minimize or even suppress host defense gene expression,
leading to a ›weaker‹ and/or less diverse expression of defense-related genes (Reymond
et al., 2004). In contrast, temporarily present generalist herbivores have to face diverse
defense strategies of various seaweeds, complicating the evolution of mechanisms that
weaken the anti-herbivory responses of prey species (Reymond et al., 2004). Furthermore,
inducible defense theory assumes that anti-herbivory responses will be induced when
grazing pressure is high (Karban & Baldwin, 1997). Thus, the 4 times lower amount
of biomass removed by periwinkles during the induction phase (2.3% of wet mass
compared to 10.2% reduced by I. baltica) may have induced a ›weaker‹ response in
F. vesiculosus. Although the transcriptional response to periwinkle and isopod damage
differs to some extent, these responses may result in the production of the same defensive
metabolites, which would explain the additional deterrence of isopods. In that case, the
observed differences may result from changes in the expression of genes which (1) are not
involved in the general stress-response (i.e. reprogramming of cellular functions, such
as protein synthesis, photosynthesis and energy generation via the respiratory chain, or
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rearrangement of the cytoskeleton) and (2) do not encode products that are directly
involved in herbivore deterrence (e.g. toxins). Instead, they may encode signaling
pathways specific to certain external stimuli (e.g. salivary components; Coleman et al.,
2007b) and, thus, different herbivore species (Gatehouse, 2002).
Conclusion
This study suggests a precisely regulated response of F. vesiculosus to grazing which
is characterized by a high level of temporal variation. As F. vesiculosus is a non-
model species and whole-genome sequencing has not been conducted by now, limited
annotation rates make it difficult to fully discover underlying cellular processes and to
identify candidate genes relevant for the induction of anti-herbivory defenses. However,
common alterations of particular cellular processes in response to periwinkle and isopod
grazing suggest that these processes, e.g. shut-down of photosynthesis and degradation
of stored reserves in order to make resources available for use in secondary defense
pathways, are integral parts of defense induction. On the other hand, differences in the
transcriptional responses to periwinkle and isopod grazing may be explained by distinct
signaling pathways elicited by herbivore-specific cues. Additional regulatory changes
not occurring at the mRNA level (e.g. enzyme activation or protein biosynthesis)
may complete the anti-herbivory response to different herbivore species. As such
changes cannot be detected with the microarray technology other techniques have to be
integrated into the study of seaweed-herbivore interactions to perfect the understanding
of cellular processes underlying the induction of anti-herbivory defenses in F. vesiculosus.
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Abstract
Some seaweed species were shown to release water-borne cues after herbivore attack,
for example to attract natural enemies of the herbivore. These cues may also be sensed
by neighboring seaweeds and used to adjust their defenses in anticipation of a possible
herbivore attack. Several studies indicated information transfer between seaweed
individuals in the past, including the brown seaweed Fucus vesiculosus. Previous work
showed induction of defenses in F. vesiculosus in response to water-borne cues released
by isopod-grazed conspecifics. In contrast, another study on induced responses after
exposure to cues from isopod-grazed neighbors using the same seaweed species yielded
contradictory results. This study reassessed the ability of F. vesiculosus individuals to
sense water-borne cues released by isopod-grazed neighbors in a series of experiments
that monitored Fucus vesiculosus palatability in response to direct grazing by Idotea
baltica and water-borne cues from isopod-grazed neighbors relative to unmanipulated
seaweed pieces. Furthermore, a second herbivore species (Littorina obtusata) was used
to test for the first time whether F. vesiculosus is able to sense water-borne cues from
L. obtusata grazed neighbors. Two-choice feeding assays were conducted with both
fresh and reconstituted seaweed pieces. Direct grazing by I. baltica induced a chemical
defense in F. vesiculosus, confirming results of previous studies. In contrast, evidence
for increased herbivore resistance in seaweed pieces that were located downstream of
isopod- and periwinkle-grazed F. vesiculosus could not be provided. The lack of defense
induction in response to grazing on conspecific neighbors may be explained by the
environmental conditions and the scattered distribution of F. vesiculosus individuals at
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the study site that may render resource investment in the emission and/or response to
water-borne cues unprofitable.
Key words
Anti-herbivory defense, Idotea baltica, info-chemicals, Littorina obtusata, seaweed-
herbivore interaction
Introduction
The ability of seaweeds to induce defenses in response to attack by herbivores is well
known and a meta-analysis revealed that brown and green seaweeds frequently induce
chemical anti-herbivory defenses (Toth & Pavia, 2007). The induction of defenses is
suggested to be associated with the release of info-chemicals in some seaweed species,
which may act as an indirect defense mechanism by attracting and directly influencing
the foraging behavior of natural enemies of the attacking herbivore (Coleman et al.,
2007a). As the induced anti-herbivory defense does not neccessarily spread to adjacent
undamaged thallus parts (Hemmi et al., 2004) and almost all seaweeds have a limited
internal transport system, these info-chemicals may also optimize within-plant signaling
to ensure a systemic defense without receiving damage at all thallus parts (Toth &
Pavia, 2000).
At the same time, emitted info-chemicals become »public« information and may also
be sensed by other seaweeds. Three decades ago, researchers discovered that vascular
plants apparently »listen« to their neighbors, since herbivore attack resulted in increased
resistance to herbivory not only in the attacked plant but also in plants growing nearby
(Baldwin & Schultz, 1983). Thus, »communication« between herbivore-damaged and
undamaged neighbors may allow induction or preparation of defenses prior to attack
(Baldwin et al., 2006). Toth and Pavia (2000) initially demonstrated that the brown
seaweed Ascophyllum nodosum is able to sense water-borne cues released by periwinkle-
grazed conspecific neighbors and increase secondary metabolite production without
being subjected to direct grazing. Further studies reported that water-borne cues
induced defenses in several green, red and various brown seaweed species (Rohde et al.,
2004, Macaya et al., 2005, Díaz et al., 2006, Toth, 2007, Yun et al., 2007, Haavisto et al.,
2010, Yun et al., 2012). Other studies failed to detect induction of anti-herbivory traits
after exposure to info-chemicals (e.g. Sotka et al., 2002) and »communication« between
adjacent seaweeds was suggested to be dependent on both the attacked seaweed species
(Yun et al., 2012) and the attacking herbivore species (Rohde et al., 2004). However,
the detection of defenses induced by water-borne cues may be complicated by highly
variable temporal defense patterns. Ascophyllum nodosum, for example, was shown to
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use an oscillating temporal defense pattern in response to water-borne cues from grazed
neighbors (Flöthe & Molis, 2013). Although info-chemical triggered anti-herbivory
traits may have been overlooked in some macroalgae due to temporally variable defenses,
»communication« via water-borne cues may indeed not occur in all seaweed species for
several reasons. First, emitters of info-chemicals may be faced with metabolic costs in
terms of production, transport, storage and release (e.g. Dicke & Sabelis, 1992) and
maintenance costs may arise for the synthesis of enzymes involved in these processes
(e.g. Dicke & Sabelis, 1989). Thereby, water-borne cues may incur particularly high
costs because they are released into the environment and may have to be renewed
constantly. Second, once water-borne cues are released, they may not only attract
the herbivore’s predator, but also other members of the food web, such as additional
herbivore species or ineffective, but competitively superior natural enemies (e.g. Dicke
& Sabelis, 1989, Kalberer et al., 2001). Third, neighboring seaweeds are likely to
compete for resources (Edwards & Connell, 2012). Helping adjacent seaweeds may shift
the competitive balance between emitter and receiver towards a disadvantage for the
emitter, which already received damage but possibly helps its competitor to successfully
escape herbivore attack.
In this study, induced anti-herbivory traits were investigated in Fucus vesiculosus, a
common brown seaweed in the intertidal zone of North Sea shores (Lüning, 1985). Fucus
vesiculosus was shown to sense cues from conspecific neighbors grazed by the isopod
Idotea baltica in some studies (Rohde et al., 2004, Haavisto et al., 2010), while Yun
and colleagues (2012) reported contradictory results about the ability of F. vesiculosus
individuals to »communicate« with each other. They showed that the exposure to water-
borne cues from I. baltica grazed neighbors reduced the palatability of reconstituted
F. vesiculosus pieces, but not that of live seaweed pieces. As F. vesiculosus was shown
to use an oscillating temporal defense pattern in response to direct grazing by isopods
and periwinkles (Flöthe et al., in press) and seaweed defenses triggered by water-borne
cues may also show temporal variability (Flöthe & Molis, 2013), this inconsistency may
have been caused by a temporal mismatch between feeding assays and single defense
»pulses« of water-borne cue-exposed F. vesiculosus.
A series of laboratory experiments was used in this study to (1) reassess whether
F. vesiculosus responds to water-borne cues from conspecific neighbors grazed by the
isopod I. baltica, (2) test for the first time whether F. vesiculosus individuals exhibit the
ability to »communicate« with each other in response to grazing by another common
herbivore of F. vesiculosus, the periwinkle Littorina obtusata, and (3) initially test for
temporal variation in the efficacy of water-borne cue-exposed F. vesiculosus to deter
grazers.
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Materials and methods
Collection site and organisms
Organisms used in this study were collected during low tide in the mid rocky intertidal
at Kringel, Helgoland, NE Atlantic (54◦10’60” N, 7◦53’15” E) between August 2011 and
August 2012. At this site, the intertidal is dominated by perennial canopy-forming brown
seaweeds, such as toothed wrack (Fucus serratus) and bladder wrack (F. vesiculosus),
as well as irish moss Mastocarpus stellatus. At Kringel, the flat periwinkle (L. obtusata)
is primarily associated with, and preferentially feeds on both Fucus species (C. Flöthe,
personal observation). The isopod I. baltica is another littoral mesograzer species (Orav-
Kotta & Kotta, 2004), but can also be found among drift algae of the genera Fucus
and Ascophyllum (Franke et al., 2007). All isopods used for this study were taken from
an I. baltica culture that was fed with customary fish food and Ascophyllum nodosum,
and maintained in an aerated 200 l flow-through tank with a 12/12 h light/dark cycle
within a constant temperature room at 15◦C. Every year, new individuals from drift
algae collected in the Helgoland Bight were introduced into the culture.
This study was conducted in compliance with the legal requirements of the Schleswig-
Holstein state act of 24 April 1981 (classification number 791-4-37) that declared the
rocky shores below the high tide limit of Helgoland Island a nature reserve and allows
ecologists to access sites to accomplish field research.
Experimental set-up
General set-up
Three induction experiments were run in a laboratory of the Biologische Anstalt
Helgoland using a flow-through aquaria system in which F. vesiculosus was exposed to
seawater that previously flowed over grazed conspecifics. Aquaria were irradiated by
two fluorescent tubes (Osram Lumilux Daylight L 36W/865) in a 12:12 h light-dark
cycle at a mean (± SD) photon flow rate of 125 (± 22) µmol m-2 s-1 (PAR). Filtered
North Sea water was pumped over a cotton filter into two 200 L tanks from where
aquaria were individually supplied at a mean (± SD) flow rate of 99 (± 23) ml/min.
To avoid animal escapes from the set-up, each aquarium was covered with a 3 mm thick
transparent acrylic plate.
The day the experiments started, several seaweed pieces were cut from various
F. vesiculosus individuals in the field (see details below). An algal individual was
defined as the tissue stemming from a single holdfast. Within 30 minutes all algal pieces
were transported to the laboratory, where macroscopic epibionts were gently removed
with a soft sponge. To identify genetically identical F. vesiculosus pieces in the set-up,
seaweed pieces stemming from the same individual were marked with colored threads.
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Afterwards, seaweed pieces were separately anchored with cable ties (width 1.8 mm) to
a polyethylene mesh (mesh size 2 mm) which was placed on the bottom of an aquarium
to prevent floating of F. vesiculosus pieces.
Two sequential experimental phases were applied: acclimation and induction. During
acclimation, algal pieces remained in the set-up for 4 days without grazers to reduce
potential effects by cutting the algae as well as potential induced defense traits, which
may have been attained by unknown grazing histories in the field. According to
prior studies, 3 days are sufficient to reduce anti-herbivory defenses in F. vesiculosus
(e.g. Rohde & Wahl, 2008a). At the end of the acclimation phase, wet mass of
F. vesiculosus pieces was determined by blotting them dry with paper towels for 20
seconds and weighing them to the nearest 0.001 g (Sartorius CPA323S, Sartorius,
Göttingen, Germany). This was the standard procedure to measure the wet mass of
all food items in this study. Afterwards, a feeding assay was started to confirm equal
palatability of designated treated and control pieces after acclimation. The same day,
the induction phase was started by adding herbivores to treatment aquaria (see details
below).
›Two aquaria‹ experiments
Two induction experiments were conducted using an experimental set-up where sea-
water from aquaria containing grazed F. vesiculosus pieces was transferred to aquaria
containing undamaged F. vesiculosus. Each control and treatment unit consisted of
two transparent plastic aquaria (25 L volume; 480 × 230 × 260 mm) that were stacked
one above the other. Seawater with a mean (± SD) temperature of 18.1 ± 0.5◦C
(experiment with L. obtusata) and 16.9 ± 1.2◦C (experiment with I. baltica) flowed
from an upper (upstream) aquaria through a pipe into a downstream aquaria below.
At the beginning of the treatment phase grazers were added to upstream aquaria, while
grazers were absent from downstream aquaria to test whether F. vesiculosus would
induce defenses in response to grazing on conspecific neighbors (Fig. 7.1). Each pipe
was covered with polystyrene mosquito mesh (mesh size 1.5 mm) to prevent movement
of grazers into downstream aquaria. On 5 August 2011 (experiment with L. obtusata)
and 5 June 2012 (experiment with I. baltica), 8 apical pieces lacking visual feeding
scars were cut from each of 240 F. vesiculosus individuals in the field (= 1,920 pieces
in total). For each of 10 replicates, 4 pieces of each of 12 specimens were placed in
an upstream control aquarium, while the other 4 pieces of the same specimens were
allocated to an upstream treatment aquarium. Likewise, 4 pieces of each of 12 specimens
were placed in a downstream control aquarium, while the other 4 pieces of the same
specimens were allocated to a downstream treatment aquarium (Fig. 7.1). This way,
12 × 4 (= 48) seaweed pieces were placed in each aquarium (= 96 pieces per control
and treatment unit; 192 pieces per replicate). Treatment and corresponding control
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Figure 7.1: Schematic illustration showing the allocation of F. vesiculosus pieces (small
rectangles) for a single replicate at one of several sampling time points. Upstream and
downstream induction aquaria of the ›two aquaria‹ experiments each contained 48 pieces
(only 4 shown) at the beginning of the experiment. Upstream and downstream compartments
of the ›one aquarium‹ experiment were separated by a polyethylene mesh and contained 28
pieces each (only 4 shown). From these, 4 pieces were allocated to feeding arenas (circles)
at each of the sampling time points. Arrows indicate direction of water flow. Dashed lines
indicate containers with herbivores. Solid lines indicate containers without grazers. Letters and
numbers indicate control and treated (direct grazing/water-borne cues) pieces of F. vesiculosus,
respectively. Bold letters and numbers indicate F. vesiculosus pieces located in upstream
aquaria/compartments, while all other characters indicate seaweed pieces located in downstream
aquaria/compartments. Pentagons indicate reconstituted food items used for feeding assays
with naïve herbivores.
pieces originated from the same F. vesiculosus individual in the field to make sure that
potential differences in palatability were not confounded by inter-individual variation
in, for example, morphology (Hoffmann, 2011) or chemical composition (Tuomi et al.,
1989).
On day 5, the induction phase was started by adding 44 L. obtusata or 11 I. baltica
to upstream treatment aquaria. Control upstream aquaria as well as all downstream
aquaria remained without grazers (Fig. 7.1). Treatment and control units were paired
and pairs randomly arranged in the set-up. Every 3 days during the 33 day induction
phase, 4 genetically identical seaweed pieces were removed from each downstream
control and treatment aquarium. The first of these 4 pieces was transferred to a feeding
arena with naïve grazers. The second piece of each control and treatment aquarium
was allocated to a feeding arena without consumers to determine autogenic wet mass
changes during the feeding assay. The third and the fourth piece of each aquarium
were stored at -80◦C and used in feeding assays with artificial food pellets within 4
weeks (Fig. 7.1). Also 4 seaweed pieces were removed from all upstream aquaria at each
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sampling time point to maintain a constant ratio of upstream and downstream seaweed
pieces. At the same time, 4 periwinkles or 1 isopod were removed from each upstream
treatment aquarium to apply a comparable grazing pressure to residual F. vesiculosus
pieces. To monitor herbivore consumption during the induction phases, the wet mass
of 5 F. vesiculosus pieces from each upstream aquarium was measured at the start of
the induction phase and at each sampling time point. The pieces were chosen randomly
for each interval and means were calculated from these pieces as a replicate measure of
consumption for statistical analysis.
›One aquarium‹ experiment
To exclude the possibility that the separate arrangement of emitting and receiving
seaweed pieces in two different aquaria caused a loss of water-borne cues on the way from
the upstream to the downstream aquaria (e.g. by chemical breakdown or adsorption
to the plastic tube connecting the two aquaria), all seaweed pieces were placed in one
aquarium in a third induction experiment.
The ›one aquarium‹ experiment was run with 20 aquaria (25 l volume; 480 × 230 ×
260 mm) which were divided with a polyethylene mesh (mesh size 2 mm) into equally
sized upstream and downstream compartments (Fig. 7.1). Filtered seawater with a
mean (± SD) temperature of 19.6 ± 0.7◦C flowed through upstream and downstream
compartments. On 27 July 2012, 8 apical pieces lacking visual feeding scars were
cut from each of 140 F. vesiculosus individuals (= 1,120 pieces in total). Four pieces
of each of 7 seaweed individuals were allocated to each compartment of each of 10
treatment and control aquaria (= 56 pieces per aquarium; 112 per replicate) (Fig.
7.1). Again, treatment and corresponding control pieces originated from the same
F. vesiculosus individual in the field. The day the induction phase started, 6 I. baltica
were introduced into the upstream compartments of all treatment aquaria. Upstream
compartments of control aquaria as well as all downstream compartments remained
without herbivores. To prevent animal escapes from the set-up, all effluent pipes
were covered with polystyrene mosquito mesh (mesh size 1.5 mm). Treatment and
control aquaria of each replicate were paired and pairs randomly arranged in the set-up.
At the end of the acclimation phase and from day 12 on, 4 F. vesiculosus pieces of
each upstream (direct grazing) and downstream (water-borne cues) compartment were
allocated to feeding assays as described for the ›two aquaria‹ experiments every three
days during a 27 day induction phase (Fig. 7.1).
At the same time, one isopod was removed from the upstream compartment of each
treatment aquarium to apply a comparable grazing pressure to remaining seaweed
pieces. Furthermore, the wet mass of three F. vesiculosus pieces from each upstream
compartment was measured at the start of the induction phase and at each sampling
time point thereafter to monitor herbivore consumption during the induction phase.
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The pieces were chosen randomly for each interval and means were calculated from
these pieces as a replicate measure of consumption for statistical analysis.
Feeding assays
Fresh algae
Herbivore preferences for control or treated F. vesiculosus were determined in 72 h
two-choice feeding assays at several sampling time points during the induction phase.
Transparent 8 l plastic aquaria (325 × 175 × 185 mm) were used as feeding arenas.
Each feeding arena contained naïve herbivores, which were allowed to choose between a
F. vesiculosus pieces that was either previously grazed (only ›one aquarium‹ experiment)
or exposed to water-borne cues before and a control piece of genetically identical
F. vesiculosus. To avoid grazer adaptations, naïve consumers, which were not in contact
with F. vesiculosus before, were used in feeding assays. Ten L. obtusata or one male I.
baltica were used as consumers in each feeding assay of the ›two aquaria‹ experiment.
Also one male I. baltica was used as consumer in the feeding assays of the ›one
aquarium‹ experiment.
At the beginning and the end of the feeding assays, the wet mass of the F. vesiculosus
pieces in the feeding arenas (= assayed alga) was measured. A second seaweed piece
was removed from the same aquarium, from where the assayed algae originated
and allocated to a feeding arena without grazers to correct herbivore consumption
rates for non-feeding related (autogenic) changes in seaweed wet mass. The risk of
underestimating error variance and, thus, of committing a type I error was reduced
by using the same number of autogenic controls and assayed algae (Roa, 1992). The
following formula was used to calculate the consumption of each assayed F. vesiculosus
piece (adopted from Cronin & Hay, 1996):
Consumption = Tstart × (Cend/Cstart) – Tend
where Tstart and Tend represent the wet mass of an assayed algal piece before
and after the feeding assay, respectively, and Cstart and Cend represent the wet mass of
the corresponding autogenic control alga and the beginning and the end of the feeding
assay, respectively.
Reconstituted food
Additional feeding assays with reconstituted food were run to determine whether induced
changes in F. vesiculosus palatability were due to chemical traits. Fucus vesiculosus
pieces were stored at -80◦C for a period of maximum four weeks before reconstituted
food was prepared. Frozen seaweed pieces were lyophilized at -30◦C and 0.37 mbar for
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24 hours (Christ Beta 1-8 LD plus, Martin Christ Gefriertrocknungsanlagen, Osterode
am Harz, Germany). Afterwards, all pieces were ground for 10 seconds at a frequency of
25 Hz with a mixer mill (Schwingmühle MM 400, Retsch Laborgeräte, Haan, Germany).
Subsequently, 0.4 g of this powder was mixed with 3.6 ml of molten agar (a blend of 0.02
g agar per one ml of boiling distilled water) after agar had cooled to 45◦C to minimize
putative thermal destruction of chemical seaweed compounds. This mixture was applied
to a polystyrene mosquito mesh (mesh size 1.5 mm) and flattened between two PVC
plates coated with wax paper (method adopted from Hay et al., 1994). Uniform
thickness of food pellets was guaranteed by placing a 1 mm thick plastic template
between both PVC plates. A food item of 2 × 2 cm area was cut from each pellet after
solidification. Each food item was placed in a glass Petri dish (Ø 10 cm, 2 cm height)
and transferred to a separate feeding arena.
Each feeding arena contained one Petri dish with a food item made from a control
F. vesiculosus piece and a second Petri dish with a food item made from a F. vesiculosus
pieces that was either previously grazed (only ›one aquarium‹ experiment) or exposed
to water-borne cues before. Food items were placed in Petri dishes within feeding arenas
to permit correct allocation of fragments that occasionally broke off from food items.
Both food items in each feeding arena were weighed and naïve grazers (10 L. obtusata or
one male I. baltica) were introduced to feeding arenas containing food items made from
the third F. vesiculosus piece which was removed from each compartment or induction
aquarium. Autogenic wet mass changes during feeding assays were determined by using
reconstituted food pellets made from the fourth F. vesiculosus piece which was removed
from each compartment or induction aquarium. No grazers were added to feeding
arenas that assessed autogenic wet mass changes. Feeding assays were terminated and
food items re-weighed after 3 days or when ≥ 50% of one food item was consumed,
whichever came first.
Statistical analysis
Consumption of F. vesiculosus by L. obtusata or I. baltica during the induction phases
was analyzed by resampling without replacement, using a Monte Carlo analysis with
10,000 permutations (Bärlocher, 1999).
Herbivore consumption rates from feeding assays performed directly after the accli-
mation phase were analyzed by one-tailed paired t-tests.
Repeated-measures analyses of variances (RM-ANOVAs) were applied to test for
the effect of water-borne cues released by grazed neighbors or direct grazing on the
palatability of F. vesiculosus pieces at different points in time during the induction
phases (detailed information below). RM-ANOVA was used because treatments were
not independent and standard ANOVA cannot be properly applied when two food types
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are simultaneously offered to the same individual consumer (Peterson & Renaud, 1989).
As the within-subject factor had only two levels (control vs. treatment), testing for
sphericity is not applicable (Quinn & Keough, 2002).
›Two aquaria‹ experiment
RM-ANOVA was used to test for the effect of water-borne cues from periwinkle- or
isopod-grazed conspecific neighbors on the palatability of downstream F. vesiculosus
(within-subjects measure: 2 levels, fixed) at different times during the 33 day induction
phase (between-subjects measures: 11 levels, fixed).
›One aquarium‹ experiment
RM-ANOVA was used to test for the effect of direct grazing by I. baltica and isopod
grazing on conspecific neighbors on the palatability of F. vesiculosus (within-subjects
measure: 2 levels, fixed) at different times during the induction phase (between-subjects
measures: 6 levels, fixed). Due to ambiguous selection of an appropriate error term for
post-hoc tests involving within-subject by between-subject interactions, no post-hoc
tests were computed for time × grazing interactions (Winer et al., 1991). Instead,
one-tailed paired t-tests (experimental evidence that direct grazing and water-borne cues
induce anti-herbivory defenses in F. vesiculosus (e.g. Rohde et al., 2004) were performed
for each time separately. Normal distribution of differences in the consumption of treated
and control seaweed pieces was confirmed using the Kolmogorov-Smirnov test.
Results
Consumption of inducers during induction phases
Inducer consumption did not vary significantly during the induction phase of the
›two aquaria‹ experiments with L. obtusata (resampling: p = 0.584) and I. baltica
(resampling: p = 0.072) as well as the ›one aquarium‹ experiment (resampling: p =
0.307) (Fig. 7.2).
Feeding assays
At the end of the acclimation phases, the palatability of F. vesiculosus pieces in
designated control and treatment compartments and aquaria was neither significantly
different when tested in assays using fresh algae nor reconstituted food in all three
experiments (one-tailed paired t-test: p > 0.05).
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Figure 7.2: Consumption of Fucus vesiculosus by inducers during 3 day intervals in the
induction phases. Black and open symbols = seaweed consumption by Littorina obtusata
and Idotea baltica during the induction phases of the ›two aquaria‹ experiments. Grey
symbols = consumption of seaweed pieces by I. baltica during the induction phase of the ›one
aquarium‹ experiment. Data are shown as mean ± SE (n = 10).
›Two aquaria‹ experiment
Herbivore consumption of reconstituted food items varied over time. However, L.
obtusata consumption of fresh F. vesiculosus and reconstituted food made from seaweed
pieces that were previously located downstream of ungrazed and periwinkle-grazed
conspecifics was not significantly different throughout the induction phase and there
was no significant treatment × time interaction (Table 7.1).
Likewise, RM-ANOVA results indicate equal consumption of both fresh and re-
constituted F. vesiculosus that was previously located downstream of ungrazed and
isopod-grazed seaweed pieces by I. baltica throughout the induction phase. Again, there
was no significant interaction between treatment and time (Table 7.1).
›One aquarium‹ experiment
RM-ANOVA results did not indicate a significant preference of isopods for fresh or
reconstituted F. vesiculosus pieces that were located downstream of ungrazed control
F. vesiculosus pieces compared to seaweed pieces that were located downstream of
isopod-grazed conspecifics. Again, there was no significant interaction between treatment
and time (Table 7.1).
In contrast, isopods significantly preferred ungrazed F. vesiculosus to previously
grazed seaweed pieces in both fresh (RM-ANOVA: F1,54 = 15.85, p < 0.001) and
reconstituted food (RM-ANOVA: F1,54 = 12.17, p = 0.001) feeding assays (Table 7.1).
In addition, a significant interaction between isopod grazing and time was found in assays
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using fresh (RM-ANOVA: F5,54 = 2.53, p = 0.039) and reconstituted (RM-ANOVA:
F5,54 = 2.49, p = 0.042) F. vesiculosus pieces (Table 7.1).
One-tailed paired t-tests, that analyzed feeding preferences at each time, revealed
that I. baltica significantly preferred fresh control F. vesiculosus to previously grazed
algae pieces 12, 24, and 27 days after the onset of grazing (Table 7.2, Fig. 7.3A).
Reconstituted food made from previously ungrazed seaweed pieces was preferred to
reconstituted food made from previously grazed F. vesiculosus 12, 18, 24, and 27 days
after the start of the induction phase (Table 7.2, Fig. 7.3B).
.
.
.
.
.
.
.
.C
on
su
m
pt
io
n 
[g
]
Time after start of induction [d]
* * *
0.0
0.1
0.2
0.3
0.4
A
C
on
su
m
pt
io
n 
[g
]
Time after start of induction [d]
* * **
B
Figure 7.3: Mean ± SE consumption of fresh (A) and reconstituted (B) Fucus vesiculosus
by Idotea baltica in two-choice feeding assays (n = 10). Open bars = F. vesiculosus pieces
that were not exposed to grazing before (controls). Grey bars = previously grazed seaweed
pieces. Asterisks indicate significant results of one-tailed paired t-tests comparing distribution
of differences between control and grazed pieces against the null-hypothesis of no difference.
Table 7.2: Results of one-tailed paired t-tests comparing controls and seaweed pieces that
were previously exposed to direct grazing by I. baltica in the ›one aquarium‹ experiment.
Consumption of conspecific consumers was assessed in feeding assays using either fresh or
reconstituted food pieces of F. vesiculosus (n = 10). Time = days after start the of the
induction phase. Significant p-values, i.e. α ≤ 0.05, in bold.
Fresh algae Reconstituted food
Time [d] t p t p
12 3.64 0.003 3.44 0.004
15 0.14 0.447 -0.55 0.495
18 0.18 0.430 3.28 0.005
21 0.25 0.403 -0.46 0.456
24 3.74 0.003 3.41 0.004
27 3.89 0.002 1.85 0.049
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Discussion
All three induction experiments did not indicate induction of defenses in response to
neighbor grazing in F. vesiculosus, while the ›one aquarium‹ experiment clearly showed
a significant reduction in palatability of directly grazed upstream seaweed pieces and
provided strong evidence for induced defenses in these F. vesiculosus pieces. Since
feeding assays conducted with fresh F. vesicuosus and reconstituted food showed similar
reults, the induction of chemical anti-herbivory traits can be assumed. Unfortunately,
the ability of upstream (i.e. directly grazed) F. vesiculosus to induce defenses was not
tested in the ›two aquaria‹ experiments. However, with an average consumption of 8.1
and 15.7% of initial wet mass, significant amounts of seaweed biomass were consumed
in the course of the induction phase of the ›two aquaria‹ experiments with L. obtusata
and I. baltica, respectively (Fig. 7.2). Evidence was provided that a biomass loss of
5-10% wet mass may represent the threshold at which the benefits of protection against
grazing outweigh defense costs in F. vesiculosus (Rohde & Wahl, 2008a and references
therein), which suggests that the observed biomass losses should have triggered defense
induction and, thus, the release of water-borne cues in upstream F. vesiculosus pieces.
The lack of response to water-borne cues released by periwinkle-grazed neighbors
indeed agrees with a previous study using the closely related periwinkle Littorina littorea
(Rohde et al., 2004). Ignoring neighbor grazing by L. obtusata may not necessarily be
considered as a disadvantage for F. vesiculosus. A single seaweed individual may provide
abundant food for periwinkles which can be considered as slowly feeding herbivores
(Toth & Pavia, 2000), suggesting a low risk of being attacked for neighboring seaweed
individuals. Therefore, the induction of defense mechanisms when neighbors are attacked
by slow moving grazers like L. obtusata may cause unnecessary costs for F. vesiculosus.
In contrast, fast-swimming isopods were shown to frequently switch between F. vesicu-
losus individuals (Jormalainen & Tuomi, 1989, Jormalainen et al., 2001a) and may
be suggested to imply a relatively high risk of attack for nearby seaweed individuals.
The observed lack of response to water-borne cues released by isopod-grazed neighbors
is therefore surprising and deviates from some studies reporting on induction of anti-
herbivory defenses in F. vesiculosus located downstream of isopod-grazed conspecifics
(Rohde et al., 2004, Haavisto et al., 2010). On the other hand, these results partially
coincide with findings reported by Yun and colleagues (Yun et al., 2012).
The fact that all three experiments failed to show »communication« between grazed
upstream and ungrazed downstream seaweed pieces may be explained by the environ-
mental conditions at the study site. Helgoland Island represents a relatively exposed
habitat with a mean tidal range of about 2.3 m (Eschweiler et al., 2009) where F. vesicu-
losus forms only moderately dense stands (C. Flöthe, personal observation). In such a
high-flow environment where F. vesiculosus individuals are also not in direct contact
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to each other, water movement may dilute or wash away chemical cues to such an
extent that the transmission of these cues between single F. vesiculosus individuals is
strongly impeded or even becomes impossible. In addition, the release of water-borne
cues is suggested to incur a metabolic cost (Dicke & Sabelis, 1989) and may cause even
higher costs when info-chemical are used by »unauthorized« receivers, such as addi-
tional herbivores or unwanted predators (Bruin & Dicke, 2001). Thus, the benefits of
seaweed-seaweed »communication« (e.g. increase of efficacy the anti-herbivory defense
at the population level or increased inclusive fitness by warning close relatives growing
nearby, Bruin et al., 1995, Heil & Karban, 2010) most probably do not outweigh costs
affiliated with the production of water-borne cues at the study site. Thus, investing
resources in growth and reproduction rather than in the synthesis and emission of
water-borne cues may offer greater benefits to Helgoland F. vesiculosus.
However, straightforward generalizations based on the results obtained in this study
should be made carefully. A high degree of variation was shown to exist in the
anti-herbivory response of F. vesiculosus (e.g. Rohde et al., 2004) and »communica-
tion« between F. vesiculosus individuals in response to another herbivore species at the
same site cannot be excluded. Furthermore, even if defense induction in response to
water-borne cues released by periwinkle- or isopod-grazed conspecifics may not occur in
wave-exposed Helgoland F. vesiculosus, it may occur at the same place in systems with
calm water conditions, such as tide pools.
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8 Summary of results
The results of all three studies included in this thesis are adequately presented in the
corresponding Publications (I-III). Therefore, only a summary of the results is presented
in this chapter.
8.1 Induction of temporally variable anti-herbivory
traits in Fucus vesiculosus
Isopod and periwinkle consumption of previously grazed F. vesiculosus pieces was
significantly lower than consumption of ungrazed seaweed pieces in both fresh and
reconstituted food feeding assays (detailed information in Publication I and II).
The presence of induced defenses was monitored repeatedly in the course of the induc-
tion experiments by comparing the palatability of grazed and ungrazed F. vesiculosus
pieces for naïve grazers every three days. In all induction experiments that used direct
grazing to trigger induction of defenses in F. vesiculosus (presented in Publication I and
II), anti-herbivory traits were not expressed permanently after their first appearance,
but repeatedly vanished and re-appeared within a few days although F. vesiculosus was
continuously exposed to grazing.
8.1.1 Induced response to isopod grazing
Grazing by the isopod I. baltica significantly reduced the palatability of fresh F. vesicu-
losus by ∼80% after 18 days and again by ∼70% after 27 days of grazing compared to
ungrazed seaweed (Fig. 8.1). Likewise, the attractiveness of reconstituted food pieces
made from previously isopod-grazed F. vesiculosus was significantly reduced by ∼30%
after 18 days and again by ∼50% after 27 days compared to reconstituted food made
from ungrazed seaweed pieces (detailed information in Publication I).
8.1.2 Induced response to periwinkle grazing
Furthermore, grazing by the periwinkle L. obtusata significantly reduced the attractive-
ness of fresh seaweed pieces compared to non-grazed F. vesiculosus by ∼70%, ∼60%,
∼95% and ∼60% after 15, 24, 27, and 30 days of grazing, respectively (Fig. 8.1).
Likewise, reconstituted food items made from periwinkle-grazed Fucus were ∼20% less
palatable after 15 days of grazing, ∼30% less palatable after 18 days of grazing, ∼30%
less palatable after 27 days of grazing, and ∼20% less palatable after 30 days of grazing
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Figure 8.1: Mean ± SE (n = 10) consumption of Fucus vesiculosus pieces that were previously
grazed (open bars) or were not exposed to grazing before (controls; grey bars) by Idotea baltica
(A) and Littorina obtusata (B) in two-choice feeding assays during induction (day 3 to 27)
and reduction (days 30 and 33) phase using fresh seaweed pieces. Asterisks indicate significant
results of one-tailed paired t-tests comparing the distribution of differences between control
and grazed pieces against the null-hypothesis of no difference. In addition, consumption of
F. vesiculosus by I. baltica (C) and L. obtusata (D) during 3 day intervals in induction aquaria
is shown (n = 10). Data are illustrated as mean and 95% confidence intervals (CI). Intervals
at which CIs overlap with stippled line indicate times when consumption was not significantly
different from the null hypothesis of no consumption. Arrows mark times when feeding assays
suggest induction of anti-herbivory defenses.
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relative to food items made from ungrazed F. vesiculosus pieces (detailed information
in Publication II).
8.2 Interactions among herbivores mediated by
induced anti-herbivory traits
Grazing of F. vesiculosus by L. obtusata induced a chemical anti-herbivory defense
that deterred also the isopod I. baltica. Ungrazed fresh pieces of F. vesiculosus were
significantly more consumed by I. baltica than pieces that were previously grazed by
L. obtusata for 9, 15, 21, 24, and 27 days (Fig. 8.2). In the reconstituted food assays,
I. baltica significantly preferred food made from previously ungrazed F. vesiculosus over
food made from F. vesiculosus pieces that were grazed by L. obtusata for 15, 21, and
27 days (Fig. 8.2).
8.3 Response to neighbor grazing
8.3.1 Two aquaria set-up
RM-ANOVA results indicate equal consumption of fresh F. vesiculosus pieces that were
previously located downstream of L. obtusata-grazed and seaweed pieces that were
located downstream of ungrazed conspecifics throughout the induction phase (RM-
ANOVA: F1,99 = 0.17, p = 0.680). Likewise, periwinkles did not prefer reconstituted
food items made from seaweed pieces that were located downstream of ungrazed seaweed
pieces to F. vesiculosus pieces that were located downstream of L. obtusata-grazed
conspecifics (RM-ANOVA: F1,99 = 1.18, p = 0.280).
Furthermore, RM-ANOVA results indicate equal consumption of fresh F. vesiculosus
that was previously located downstream of ungrazed and I. baltica-grazed seaweed
pieces throughout the induction phase (RM-ANOVA: F1,99 = 0.01, p = 0.934). Likewise,
isopods did not prefer reconstituted food items made from seaweed pieces that were
previously located downstream of ungrazed seaweed pieces to reconstituted food items
made from F. vesiculosus pieces that were located downstream of of I. baltica-grazed
conspecifics (RM-ANOVA: F1,99 = 0.09, p = 0.764) (detailed information in Publication
III).
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Figure 8.2: Mean ± SE consumption of fresh and reconstituted Fucus vesiculosus pieces that
were previously grazed by the periwinkle Littorina obtusata (open bars) or not exposed to
grazing (controls; grey bars) by the isopod Idotea baltica in two-choice feeding assays during
induction (day 3 to 27) and reduction (days 30 and 33) phase. n = 10, except for day 12
when one replicate was lost in reconstituted food feeding assays. Asterisks indicate significant
differences based on results of one-tailed paired t-tests comparing distribution of differences
between control and grazed pieces against the null-hypothesis of no difference.
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8.3.2 One aquarium set-up
Water-borne cues
RM-ANOVA did not show significant preference of isopods for fresh algae pieces that
were located downstream of ungrazed control F. vesiculosus pieces compared to seaweed
pieces that were located downstream of I. baltica-grazed conspecifics (RM-ANOVA: F1,54
= 0.33, p = 0.569). Likewise, isopods did not prefer reconstituted food items made from
seaweed pieces that were located downstream of ungrazed control F. vesiculosus pieces
to food items made from algae pieces that were located downstream of I. baltica-grazed
conspecifics (RM-ANOVA: F1,54 = 0.47, p = 0.494) (detailed information in Publication
III).
Direct grazing
Due to the lack of induction of defenses via water-borne cues in all three experiments
presented in Publication III, induction of defenses in directly grazed pieces located
in upstream compartments was verified. Isopods significantly preferred fresh control
F. vesiculosus to previously grazed algae pieces 12, 24, and 27 days after onset of grazing.
Reconstituted food made from previously ungrazed seaweed pieces was preferred to
reconstituted food made from previously grazed F. vesiculosus 12, 18, 24, and 27 days
after the start of the induction phase (Fig. 8.3, detailed information in Publication III).
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Figure 8.3: Mean ± SE consumption of fresh (A) and reconstituted (B) Fucus vesiculosus
by Idotea baltica in two-choice feeding assays (n = 10). Open bars = F. vesiculosus pieces
that were not exposed to grazing before (controls). Grey bars = previously grazed seaweed
pieces. Asterisks indicate significant results of one-tailed paired t-tests comparing distribution
of differences between control and grazed pieces against the null-hypothesis of no difference.
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8.4 Gene expression patterns
Grazing by I. baltica and L. obtusata induced extensive changes in gene expression
that occurred simultaneously to a reduced palatability of grazed F. vesiculosus pieces
compared to ungrazed seaweed pieces.
8.4.1 Gene expression in response to isopod grazing
Analyses of microarrays covering 24,927 Fucus vesiculosus genes demonstrated differ-
ential expression of 1,148 genes in response to grazing by Idotea baltica compared to
controls. 247/258 up-/down-regulated genes were commonly expressed at the days 15
(no defense detected in feeding assays) and 18 (defense initially detected in feeding
assays). After 15 days of isopod grazing, 71/29 genes were uniquely up-/down-regulated,
whereas 315/144 genes were uniquely up-/down-regulated after 18 days (Fig. 8.4).
Altogether ∼23% of all regulated genes were functionally annotated and assigned to
KOG categories (Fig. 8.4).
Figure 8.4: Number of responsive Fucus vesiculosus genes 15 and 18 days after onset of
grazing. Differentially expressed genes were identified by microarray hybridizations and
evaluated by two-way ANOVA. Genes were considered to be differentially expressed when
p-values were ≤ 0.01 and calculated fold changes were ≥ 1.5. Overlaps display the numbers of
genes regulated at multiple points in time. ↑ = up-regulated, ↓ = down-regulated.
Genes regulated 15 and 18 days after onset of grazing
Fifteen and 18 days after onset of grazing, most up-regulated genes were assigned to one
of the following KOG categories: ›Energy production and conversion‹, ›Translation,
ribosomal structure and biogenesis‹, and ›Metabolism‹ (Fig. 8.5).
Genes assigned to the category ›Energy production and conversion‹ coded for features
of the respiratory chain (e.g. ubiquinone, cytochrome c) as well as some photosynthesis-
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Figure 8.5: KOG category distribution of differentially expressed genes as identified by
microarray hybridizations. Color intensity corresponds to the number of genes per group,
calculated as percentage of all regulated genes. The category ›Metabolism‹ includes amino
acid, carbohydrate, lipid, and nucleotide transport and metabolism. Day 0 = start of induction
phase; day 15 and day 18 = grazed F. vesiculosus 15 and 18 days after start of induction
phase, respectively.
related features (e.g. fucoxanthin) and showed an approximate 2-fold increase in
expression. Genes related to translation mainly coded for ribosomal proteins. The
category ›Metabolism‹ was mainly represented by genes related to lipid and carbohy-
drate metabolism. Genes coding for enzymes involved in fatty acid degradation (e.g.
hydroxyacyl-CoA dehydrogenase, phytanoyl-CoA dioxygenase) showed an almost 4-fold
increase in expression.
In addition, the abundance of genes coding for proteins related to the ›Intracellular
trafficking, secretion, and vesicular transport‹ group was found to be 1.6- to 6.3-fold
increased (e.g. Ypt/Rab-specific GTPase-activating protein GYP1).
Genes involved in both defense and stress response were combined into the category
›defense mechanisms and stress response‹. The following features were found to be
up-regulated both 15 and 18 days after the start of the induction phase: a lipoxygenase
(LOX), the defense-related protein SCP, as well as the cytochrome P450 (Table 8.1).
These genes showed a 2.2- to 12.2-fold change in expression.
Genes which were down-regulated both 15 and 18 days after onset of grazing were
mainly assigned to the KOG categories ›Translation, ribosomal structure and biogene-
sis‹ (mainly coding for ribosomal protein, which were different from the up-regulated
features assigned to this category) and ›Energy production and conversion‹. Genes
coding for an ATP synthase and various photosynthesis-related features, such as pho-
tosystem II complex subunit Ycf12 and D2 reaction centre protein of photosystem II,
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were observed. These genes showed strong down-regulation, with a fold change ranging
from -6 to -32 (Table 8.2).
Genes regulated only 18 days after onset of grazing
Eighteen days after onset of grazing, several genes involved in carbon metabolism
were up-regulated. These included genes coding for an enzyme involved in glycolysis
(glyceraldehyde-3-phosphate dehydrogenase) and for an enzyme related to the pentose
phosphate pathway (6-phosphogluconate dehydrogenase).
In the category ›defense mechanisms and stress response‹ several features were found
to be up-regulated only 18 days after onset of grazing, e.g. papain family cysteine
protease and peroxidase 34 (Table 8.1). These genes showed a 1.5- to 6.2-fold increase
in expression.
Genes with unknown function
Several genes without assigned functional annotations showed the strongest up- or
down-regulation induced by isopod consumption. Compared to controls these genes
showed up to 222-fold change in expression (detailed information in Publication I).
8.4.2 Gene expression in response to periwinkle grazing
Microarray analyses demonstrated differential gene expression in F. vesiculosus grazed
by L. obtusata compared to the corresponding control pieces. A total of 426 individual
genes were differentially expressed in periwinkle-grazed seaweed pieces compared to
controls. Fifty-five genes were commonly expressed at all points in time, whereas 42,
24, 37, 40, and 14 genes were uniquely regulated 3, 12, 15, 21, and 24 days after the
start of the induction phase, respectively (Fig. 8.6). About 30% of all regulated genes
were functionally annotated and assigned to KOG categories.
Genes regulated 3 days after onset of grazing
Most genes that were up-regulated after 3 days of L. obtusata grazing could not
be assigned to any KOG category since there was no functional annotation data
available. Genes that were down-regulated 3 days after the start of the induction phase
included genes belonging to the KOG categories ›Translation, ribosomal structure
and biogenesis‹ (primarily encoding ribosomal proteins), ›Cytoskeleton‹ (encoding e.g.
actin and the F-actin-capping protein subunit beta), as well as ›Energy production
and conversion‹. This category was almost exclusively comprised of genes involved
in photosynthesis (e.g. D2 reaction center protein of photosystem II and fucoxanthin-
chlorophyll a-c binding protein).
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Figure 8.6: Number and direction of regulation of responsive Fucus vesiculosus genes with a ≥
1.5 or leq -1.5 fold change 3,12,15,21, and 24 days after the onset of grazing by Littorina obtusata.
Differentially expressed genes were revealed by two-way ANOVA testing for interactions of
treatment (control/grazed) and time. Overlaps display the numbers of genes regulated at
multiple points in time. ↑ = up-regulated, ↓ = down-regulated.
Genes regulated 12 days after onset of grazing
Most of the genes that were up-regulated 12 days after the start of the induction
phase could be assigned to the KOG categories ›Cytoskeleton‹ (encoding e.g. actin
and cofilin), ›Translation‹ (encoding ribosomal proteins), and ›Chromatin structure
and dynamics‹ (coding for histones). Genes that were down-regulated 12 days after
the onset of grazing included genes assigned to the categories ›Translation, ribosomal
structure and biogenesis‹ (encoding ribosomal proteins), ›Cytoskeleton‹ (encoding e.g.
actin and the tubulin β-chain), and ›Energy production and conversion‹. This category
contained only photosynthesis-related genes (e.g. P700 apoprotein A1 of Photosystem I
and oxygen-evolving enhancer protein 3).
Genes regulated 15 days after onset of grazing
Sixty-three per cent of all annotated genes which were up-regulated after 15 days of
grazing were assigned to the category ›Energy production and conversion‹. A number of
these genes encoded proteins related to photosynthesis (e.g. a gene coding for fucoxanthin
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chlorophyll a/c binding protein), while few genes coded for proteins involved in the
respiratory chain (e.g. cytochrome c and NADH-ubiquinone oxidoreductase). Most
genes down-regulated in F. vesiculosus 15 days after onset of grazing were allocated to
the KOG categories ›Translation, ribosomal structure and biogenesis‹ (mostly encoding
ribosomal proteins), ›Cytoskeleton‹ (encoding e.g. actin and tropomyosin), as well as
›Energy production and conversion‹ (including various genes encoding photosynthesis-
related proteins, such as D2 reaction center protein of photosystem II, photosystem II 4
kDa reaction centre component).
Genes regulated 21 days after onset of grazing
Most genes that were up-regulated 21 days after the onset of L. obtusata grazing were
assigned to the KOG categories ›Cytoskeleton‹ (encoding e.g. actin and the beta chain
of tubulin), ›Translation, ribosomal structure and biogenesis‹ (encoding ribosomal
proteins), as well as ›Energy production and conversion‹. The category ›Energy
production and conversion‹ included features involved in the respiratory chain (e.g.
cytochrome c, NADH dehydrogenase [ubiquinone]) and photosynthesis (e.g. fucoxanthin-
chlorophyll a-c binding proteins B and E). Down-regulated genes could be allocated
primarily to the categories ›Translation, ribosomal structure and biogenesis‹ (mainly
coding for ribosomal proteins) ›Cytoskeleton‹ (only encoding actin), and ›Energy
production and conversion‹ (including primarily genes related to photosynthesis, such
as P700 apoprotein A1 of Photosystem I and photosystem II 4 kDa reaction centre
component).
Genes regulated 24 days after onset of grazing
Genes that were up-regulated in F. vesiculosus after 24 days of L. obtusata grazing mainly
belonged to the categories ›Translation, ribosomal structure and biogenesis‹ (coding
for ribosomal proteins), ›Cytoskeleton‹ (e.g. encoding actin and tubulin), and ›Energy
production and conversion‹. Genes assigned to the category ›Energy production and
conversion‹ (encoding proteins involved in the respiratory chain, such as cytochrome c
and NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 3). Furthermore,
a gene of the ›Defense and stress response‹ group encoding a papain family cysteine
protease was found to be up-regulated. Seventy-three per cent of all annotated down-
regulated genes were assigned to the categories ›Translation, ribosomal structure and
biogenesis‹ (primarily coding for ribosomal proteins) and ›Energy production and
conversion‹ (mainly encoding photosynthesis-related features, such as the D2 reaction
center protein of photosystem II and P700 apoprotein A1 of photosystem I).
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Researchers have investigated the induction of seaweed defenses focusing on (1) seaweed
species (Toth & Pavia, 2007), (2) grazer species (e.g. Molis et al., 2006, Long et al.,
2007), (3) season (Molis et al., 2006), (4) geographic origin (Long & Trussell, 2007), (5)
light intensity (Weinberger et al., 2011), (6) availability of nutrients (Weidner et al.,
2004) and (7) the inducing cue (e.g. Rohde et al., 2004). However, understanding the
adaptations that have arisen in response to herbivory and the co-evolutionary dynamics
of seaweed-herbivore interactions requires also the study of temporal dynamics in
grazer-induced defense traits and of the underlying molecular mechanisms. By using
the brown seaweed Fucus vesiculosus and an integrative approach combining ecological
and molecular methods the following issues were addressed in this thesis to further
complete our understanding of seaweed-herbivore interactions:
I Does F. vesiculosus show a temporally variable defense pattern and does this
pattern occur in response to two different herbivores?
I How is the induced defense realized at the transcriptomic level and do different
herbivores induce similar or different transcriptional responses in F. vesiculosus?
I If certain processes and genes are regulated specific to periwinkle grazing, does
the induced defense nevertheless affect also isopod feeding?
I Are F. vesiculosus individuals able to »communicate« with each other at the
study site?
9.1 Temporal variation in induced anti-herbivory
defenses
In this thesis temporal patterns of defense traits induced by isopod (Idotea baltica, Pub-
lication I) and periwinkle (Littorina obtusata, Publication II) grazing were investigated
to mitigate the lack of knowledge regarding dynamics in seaweed defense responses.
This is the first study that demonstrates an ›economic‹ and finely adjusted response
of F. vesiculosus to isopod and periwinkle attack by using a temporally variable defense
pattern, which is similar to the dynamics in palatability shown for the related brown
alga Ascophyllum nodosum (Flöthe & Molis 2013).
Based on the results presented in this thesis and by Vosteen (2010) it can be concluded
that the induced anti-herbivory defense of F. vesiculosus does not only vary at large
time scale (i.e. within seasons), but also fluctuates at small time scales (i.e. within
days).
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Temporal fluctuations in secondary chemicals of vascular plants have been known by
herb gatherers since the 4th century B.C. (Theophrastus, 1916) and diurnal variations in
leaf contents of secondary substances, such as alkaloids, have been described in previous
studies (e.g. Fairbairn & Suwal, 1962, Fairbairn & Wassel, 1964, Sporer et al., 1993).
An interesting example for temporal variation in induced anti-herbivory responses in
terrestrial plants has also been presented by Turlings et al. (1995).
Such short-term fluctuations in defense traits may be advantageous for F. vesiculosus
for different reasons. First, the temporal variation in palatability demonstrated by
this thesis will make food quality of individual seaweeds less predictable for their
consumers. By the use of single defense »pulses«, F. vesiculosus turns into a »moving
target« offering an unpredictable landscape of palatability to periwinkles and isopods.
This will most probably lead to an increased dispersal of feeding and, at the same time,
will reduce the average meal size of isopods and periwinkles. This has the advantage
that (1) the probability of wave-induced frond breakage at heavily grazed thallus parts
is reduced (Borell et al., 2004) and (2) that grazers have to increase the frequency of
their movements in order to find palatable F. vesiculosus tissue, which will increase
their visibility to predators (see also Jormalainen et al., 1995).
Second, variability in F. vesiculosus defense traits may weaken the selection pressure
for isopods and periwinkles to adapt to these defenses. Thus, dynamic defense responses
may hamper co-evolutionary processes between F. vesiculosus and the two herbivore
species.
Third, a »pulsating« defense pattern may improve the seaweed’s cost/benefit ratio by
diverting resources from growth and reproduction towards defense only when absolutely
necessary.
Fourth, as the production of digestive enzymes, which are needed for detoxifying
seaweed defense chemicals, can be inducible in marine herbivores (e.g. Cox, 1981,
James et al., 1989), the observed large shifts in F. vesiculosus quality may represent a
challenge for isopods and/or periwinkles due to a mismatch between food quality and
their current enzymatic capability.
Besides these ecological aspects, temporal variation in seaweed defenses has methodo-
logical consequences. Previous studies may have failed to detect anti-herbivory traits
due to a temporal mismatch between feeding assays and the occurrence of defense
»pulses«. The results presented in this thesis and by Flöthe & Molis (2013) suggest
that those studies, which have not observed inducible anti-herbivory responses, should
be repeated with a higher temporal resolution of feeding assays. This may then call for
a re-evaluation of some conclusions drawn from a meta-analysis carried out by Toth &
Pavia (2007) that suggested, for example, a taxonomy-dependent ability of seaweeds to
induce anti-herbivory defenses.
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I Fucus vesiculosus uses a temporally highly variable defense pattern in response
to herbivory that may entail economic, ecological and/or evolutionary benefits.
I This temporal pattern occurs in response to both herbivore species and, thus,
seems to be an intrinsic feature of the F. vesiculosus induced defense.
9.2 Gene expression patterns underlying induced
anti-herbivory defenses
Although gene expression changes are the basis for alterations of the phenotype in
response to environmental cues (e.g. Van Kleunen & Fischer, 2005), few attempts
have been made to incorporate molecular approaches into the investigation of algal
anti-herbivory defenses. While some molecular studies were concerned with grazer-
induced responses in marine microalgae (e.g. Wohlrab et al., 2010) no previous study
is available on the molecular processes underlying induced anti-herbivory defenses in
marine macroalgae. The results described in Publication I and II clearly show that the
implementation of a molecular approach broadens the information we can gather from
grazing experiments.
The observed »pulsating« defense involved a change in the expression of a great
number of genes (I. baltica: 1,148 differentially regulated genes; L. obtusata: 426
differentially regulated genes) and three integral parts of the anti-herbivory response
were identified.
First, strong down-regulation of photosynthesis occurred in response to grazing by
both I. baltica and L. obtusata during the entire grazing period. From a supply-
and-demand stand point, one may assume that the rates of photosynthesis should
be increased to supply carbon skeletons, energy as well as reducing equivalents for
F. vesiculosus defense. However, down-regulation of photosynthesis may also have
positive effects. A controlled shut-down of photosynthesis has been thought to protect
the photosynthetic apparatus from oxidative damage (Schwachtje & Baldwin, 2008),
but a reduced photosynthetic activity and, thus, reduced investment in photosynthetic
proteins may most of all free up resources which can be used by F. vesiculosus for
secondary defense pathways. Moreover, the feeding cue mannitol is the primary product
of photosynthesis in F. vesiculosus (Bidwell et al., 1972, Weinberger et al., 2011). Strong
down-regulation of photosynthesis may therefore benefit F. vesiculosus in terms of a
reduced mannitol content and, thus, a reduced attraction for grazers (Fig. 9.1).
Second, the results of this thesis show that the induction of anti-herbivory defenses in
F. vesiculosus requires a functional reorganization that involves also primary metabolic
processes. Genes involved in catabolic processes (e.g. carbohydrate and fatty acid
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Figure 9.1: Model showing grazing-induced changes in photosynthesis, carbohydrate and
lipid metabolism, and defenses in Fucus vesiculosus. Grazing by Idotea baltica down-regulates
photosynthesis, leading to a reduced availability of energy, reducing equivalents, and precursors
(black arrows). At the same time, grazing activates glycolysis, pentose phosphate pathway
(PPP) and β-oxidation, leading to the accumulation of energy, reducing power and precursors
that may then be used for anti-herbivory defenses, such as reactive oxygen species (ROS),
secondary metabolites, and cysteine proteases (yellow arrows).
degradation) were up-regulated. Fatty acid β-oxidation generates acetyl-CoA that will
enter the tricarboxylic acid cycle (TCA cycle). The TCA-cycle is a central metabolic
pathway for aerobic processes and used to generate energy, precursors, and reducing
equivalents just as glycolysis which converts glucose to pyruvate and gains ATP (Fig.
9.1). Subsequent to glycolysis, pyruvate is converted to acetyl-CoA in the mitochondria
and will also enter the TCA cycle. Another major source of reducing equivalents
and precursors that may be used in the biosynthesis of secondary metabolites is the
pentose phosphate pathway, which was also up-regulated in grazed F. vesiculosus. Such
responses indicate that F. vesiculosus may cover its increased demands for energy,
reducing equivalents, and precursors by primary metabolic processes. Thus, not only an
activation of secondary metabolic pathways but also an activation of primary metabolic
pathways may be needed to ensure a fast response of Fucus to grazing (Fig. 9.1).
Furthermore, mitochondrial respiration is one of the cellular processes that pro-
duce reactive oxygen species (ROS), which can cause oxidative damage to biological
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molecules (reviewed by Blokhina & Fagerstedt, 2010). The increased degradation of
storage compounds via the TCA-cycle and the concomitant increase in respiration
may additionally benefit herbivore-stressed Fucus by decreasing the formation of ROS,
because (1) increased O2 consumption lowers the tension of O2 in the immediate sur-
rounding of ROS producing sites (Vercesi et al., 2006) and/or (2) increased respiration
decreases the lifetime of transients of the respiratory electron transport chain that are
capable of reducing O2 to O2•- (Korschunov et al., 1997).
The detection of costs that arise from inducible defenses has been a major challenge
(reviewed by Strauss et al., 2002) and this thesis now provides evidence that the
observed reorganization of metabolism and the investment of limited resources that
would otherwise be available for growth and/or reproduction into herbivore-deterrent
traits can be interpreted as costs for the induction of these traits.
Third, while L. obtusata grazing changed the expression of only very few genes
with putative defensive functions, grazing by I. baltica increased the expression of a
diverse set of genes with putative defensive functions. Fucus vesiculosus substantially
up-regulated genes coding for enzymes which are also known from defense responses in
vascular plants, such as lipoxygenase, substances similar to papain, and peroxidase 34.
Lipoxygenases have been shown to be involved in the biosysnthesis of the plant
hormone jasmonic acid (JA), which is part of the signal transduction pathway and
leads to the induction of plant defenses (Bell et al., 1995). JA and its derivate methyl
jasmonate have already been suggested to modulate also the defense response in F.
vesiculosus (Arnold et al., 2001). Now, his thesis provides further evidence that
jasmonates may indeed be natural elements of the anti-herbivory response in this
seaweed.
The cysteine protease papain is also invoved in the perception, signaling and/or
execution of plant defenses (Konno et al., 2004, van der Hoorn & Jones, 2004). The
induction of genes encoding papain-like substances observed in this thesis strengthen the
assumption that similar mechanisms may be involved in the interaction of herbivores
with terrestrial plants and seaweeds.
The peroxidase 34 has been resported to be involved in the accumulation of ROS
(O’Brien et al., 2012). Several studies provided evidence that ROS produced by the
oxidative burst may act as signaling agents triggering defense responses in land plants
and also a brown seaweed (Küpper et al. 2001, Orozco-Cardenas et al. 2001). Thus,
peroxidase-induced ROS may also serve as an internal emergency signal in F. vesiculosus.
However, as pathogens will be able to enter F. vesiculosus tissues through wounds
caused by herbivore attack, localized ROS production may most probably play a role in
the resistance of F. vesiculosus against these pathogens (Fig. 9.1). At the same time,
up-regulation of genes coding for enzymes with putative antioxidant functions (e.g.
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glutathione S-transferase, Marrs, 1996) most probably protected Fucus from oxidative
damage.
The observation that L. obtusata and I. baltica induce common changes in the gene
expression (Fig. 9.2) indicate that grazing by the two herbivore species is – to some
extent – recognized and/or evaluated by F. vesiculosus in a similar way. While the
commonly regulated genes may be considered as the strongest candidates for being the
general defense-related genes, additional herbivore-specific genes may be rather seen as
a consequence of implementing the appropriate defense response to a given herbivore.
.
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Figure 9.2: Cellular processes underlying anti-herbivory defenses in Fucus vesiculosus that
were commonly up- or down-regulated in response to grazing by both Littorina obtusata and
Idotea baltica.
More than 1,000 genes were regulated only in response to one of the two herbivores. As
herbivory is unavoidably accompanied by wounding, some of the observed differences
in gene expression between periwinkle (feeding mode: radula) and isopod (feeding
mode: mandibles) grazed F. vesiculosus may be attributed to differences in mechanical
damage. Vascular plants, for example, were shown to respond differently to wounding
by herbivores representing different feeding modes (Walling, 2000). However, a study
using the closely related brown alga Ascophyllum nodosum did not find an induction of
defense traits in response to damage alone (Pavia & Toth, 2000), while anti-herbivory
traits were induced by adding a component of herbivore saliva to artificially created
wounds (Coleman et al., 2007b). Thus, induction of seaweed defenses and thereby also
underlying changes in gene expression seem to depend not only on mechanical damage.
As considerably fewer defense-related genes were induced by periwinkle feeding
compared to isopod feeding, it is likely that most of the differences in the transcriptional
response to periwinkle and isopod grazing can be attributed to the grazer’s level of
specialization. The adapted specialist L. obtusata may have evolved mechanisms to
minimize or even suppress host defense gene expression, leading to a ›weaker‹ and/or
less diverse expression of defense-related genes. Idotea baltica, in contrast, is a feeding
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generalist that has to cope with diverse defense traits of various seaweed species, which
may complicate the evolution of mechanisms that weaken the anti-herbivory response
of each attacked seaweed species.
On the other hand, differences in the gene regulation in response to periwinkle
and isopod attack may also have been caused or reinforced by different grazing rates.
I. baltica consumed almost four times more F. vesiculosus during the induction phase
compared to Littorina obtusata. The ratio of up- to down-regulated genes was 1:0.7
for I. baltica and 1:1.4 for L. obtusata, indicating the expression of additional genes
in response to isopod-grazing. The expression of these extra genes demands a greater
investment of energy into the synthesis of RNA and proteins. It is generally assumed
that the formation of a peptide bond requires at least 5 ATP (Waterlow et al., 1978,
van Milgen, 2002). A high cost considering that glucose, for example, yields only 32
ATP per molecule when completely oxidized (Girnun, 2010) and proteins are often
composed of hundreds of amino acids. Therefore, higher costs seem to emerge for the
induction of defenses against I. baltica. However, as isopods posed a greater threat to
F. vesiculosus, a higher energy effort for defense induction may be warranted.
9.2.1 Priming of anti-herbivory defenses in F. vesiculosus
A comparison of two consecutive defense »pulses« shows that the first, compared
to the second »pulse« entailed a larger number of regulated genes (Publication II).
This difference may hint at a priming mechanism, i.e. the acquisition of an enhanced
resistance to a certain stress after initial exposure to this stress (Conrath, 2011). Fucus
vesiculosus may have accumulated inactive signaling proteins during or after the first
defense »pulse«, which were activated during subsequent »pulses«, leading to a smaller
number of regulated genes during the second defense »pulse«. This mechanism resembles
the priming effects known from the terrestrial environment (e.g. Ton et al., 2007). The
results presented in this thesis and by Thomas and colleagues (2011), who found a
priming-like mechanism in the brown alga Laminaria digitata, suggest that priming may
occur at least in the Orders Fucales and Laminariales and may be a conserved feature
of the eukaryotic lineages of land plants and brown seaweeds which are evolutionary
separated by approximately 1 billion years.
9.2.2 The role of unknown genes
As only limited annotation success was achieved in this thesis, the elucidation of cellular
processes underlying seaweed responses and the identification of candidate genes for
defense induction is difficult. This is particularly true because F. vesiculosus is a
non-model species and whole-genome sequencing has not been achieved by now. In
general, annotation success is < 50% for brown algal genomic studies (e.g. Roeder et
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al., 2005; Wong et al., 2007; Pearson et al., 2010; Heinrich et al., 2012a) due to long
3’UTR sequences (Apt et al., 1995) and the evolutionary distance between heterokonts
and available sequence data from other taxa used for sequence comparisons.
Unfortunately, the majority of genes that were regulated in response to isopod and
periwinkle grazing lack a sequence homology to genes in existing databases. Nevertheless,
the herbivory-induced expression of these unknown genes demonstrated in this thesis
provides a first valuable hint for an »ecological annotation« as potential defense-related
genes (see Pavey et al., 2012). This preliminary annotation has to be validated by
further studies investigating the expression of these genes in other seaweed species with
a view on possible similar expression patterns.
I Induction of anti-herbivory defenses in F. vesiculosus involves the regulation of a
wide range of genes.
I Defense induction is realized by a reallocation of resources from primary to
secondary metabolism.
I Priming of defenses may occur during the first defense »pulse«, leading to a
smaller number of regulated genes during subsequent »pulses«.
I Although both herbivore species induce similar processes in F. vesiculosus, various
genes are regulated specifically in response to one or the other attacker, indicating
differences in the perception of herbivore attack, the transduction of signals and/or
the production of defensive metabolites.
9.3 The impact of induced anti-herbivory defenses on
other community members
9.3.1 Seaweed-mediated indirect interactions among herbivores
Although the transcriptional responses that underlie the induction of defenses against
periwinkles and isopods show a certain degree of herbivore-specificity, isopods were
also deterred by the periwinkle-induced defense (Publication II). Thus, L. obtusata
indirectly reduced energy intake of I. baltica and may be considered as the superior
competitor. The results of this thesis and those presented by Long et al. (2007), who
observed a lower density of Littorina littorea on L. obtusata grazed than on ungrazed
F. vesiculosus, suggest that grazing by L. obtusata generally drives competitors away
from the shared resource. Furthermore, the observed competition may be asymmetric
because L. obtusata as a adapted specialist (that is in addition a slow-moving grazer
and, thus, has to cope with induced defeses longer than highly mobile isopods) may
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be less affected by the induced anti-herbivory response of F. vesiculosus. However, as
assessing also the sensitivity of L. obtusata to isopod-induced defenses would have been
beyond the scope of this thesis, the potential asymmetry of the interaction between
periwinkles and isopods remains to be tested.
Two explanations are possible for the additional deterrence of isopods by the
perwinikle-induced defense. First, isopods may be sensible to several different (i.e.
periwinkle-induced and also isopod-induced) defense metabolites. Second, isopod and
periwinkle attack may lead to the production of the same defense metabolites, to
which both periwinkles and isopods are sensitive. In that case, the observed differences
may result from changes in the expression of genes that (1) are not involved in the
general stress-response (e.g. reorganization of energy metabolism) and (2) do not encode
products that are directly involved in herbivore deterrence (e.g. toxins). Instead, they
may encode signaling pathways specific to certain external stimuli and, thus, different
herbivore species (e.g. salivary components).
Such defense-mediated modifications of the interaction among periwinkles and isopods
may have the potential to affect isopod performance, abundance and distribution. In
consequence, competition mediated by induced changes in F. vesiculosus traits may also
cascade upwards to higher trophic levels and influence community structure and ecosys-
tem dynamics. Despite their ecological importance and the fact that several herbivores
often share the same seaweed host in nature, studies on interactions among herbivores
mediated by the traits of a seaweed are just emerging for marine intertidal communities.
This thesis therefore provides important evidence that pair-wise interactions among
marine herbivores are not simply functions of the densities of two interacting species,
but that indirect effects can be transmitted by trait changes in intervening seaweed
species. This thesis furthermore provides a valuable hint that indirect interactions
among herbivores may be common in marine habitats, despite the fact that defense-
mediated interactions most likely occur at low grazing pressures (because defenses
that mediate indirect interactions among herbivores are usually already induced at
low levels of herbivory) and herbivory is generally high in marine systems (Poore et
al., 2012). Thus, the few examples of seaweed-mediated indirect effects may depict
a bias in research effort rather than a real pattern. Therefore, »indirect interaction
webs« that include also non-trophic, indirect interactions among herbivores provide
a more complete picture of the forces structuring marine intertidal communities than
simple »food webs« do.
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9.3.2 »Communication« via water-borne cues among
F. vesiculosus individuals
This thesis does not provide reliable evidence for »communication« between grazed
and ungrazed F. vesiculosus individuals at the study site, even though direct grazing
induced defenses in F. vesiculosus in the same experimental set-up (Publication III).
The lack of response to water-borne cues released by periwinkle-grazed neighbors
indeed agrees with a previous study using the periwinkle Littorina littorea, which
is closely related to L. obtusata (Rohde et al., 2004). Ignoring neighbor grazing by
periwinkles may not necessarily be considered as a disadvantage for F. vesiculosus. A
single Fucus individual may provide abundant food for several slow-moving L. obtusata
individuals. Thus, the presence of periwinkles on a nearby conspecific may not be a
good predictor of upcoming herbivore attack for F. vesiculosus.
However, the results presented in this thesis do also not indicate »comunication« via
water-borne cues in response to grazing by fast-swimming isopods (which were shown
to frequently switch between F. vesiculosus individuals (Jormalainen & Tuomi 1989,
Jormalainen et al., 2001a) and thereby imply a relatively high risk of attack for
neighboring seaweeds). This result deviates from those of previous studies upon
F. vesiculosus from the Baltic Sea (Rohde et al., 2004, Haavisto et al., 2010), but
partially coincides with results obtained with F. vesiculosus from the North Sea that
indicated a significantly lower palatability of artificial food, but not live Fucus after
receiving water-borne cues from isopod-grazed neighbors (Yun et al., 2012).
The results of this thesis may be explained by a prevented evolution of »communica-
tion« via water-borne cues at the study site due to »adverse« environmental conditions.
Helgoland Island is a relatively exposed habitat with a mean tidal range of about 2.3 m
(Eschweiler et al., 2009) and F. vesiculosus furthermore forms only moderately dense,
mixed stands at the collection site ›Kringel‹ (C. Flöthe, personal observation). In such
a high-flow environment where intertidal seaweeds are not in direct contact with each
other, water movement may dilute or wash away chemical cues to such an extent that
the transmission of these cues between single F. vesiculosus individuals is strongly
impeded or even becomes impossible.
In addition, the release of water-borne cues is suggested to incur a metabolic cost
(Dicke & Sabelis, 1989, Bruin & Dicke, 2001) and may cause even higher costs when
info-chemicals are used by »unauthorized« receivers, such as additional herbivores or
ineffective, but competitively superior predators (Bruin & Dicke, 2001). When emitted
cues are not likely to reach conspecific neighbors, these costs cannot be offset by the
benefits of seaweed-seaweed »communication«, such as an increase in (1) the efficacy of
anti-herbivory defenses at the population level or (2) the inclusive fitness by warning
close relatives growing nearby (Bruin et al., 1995, Heil & Karban, 2010).
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The results of this thesis indicate that the ability to »communicate« may vary among
F. vesiculosus habitats because the prevailing environmental conditions may prevent
that the anticipated benefits outweigh involved costs. Thereby, the fixation of those
traits in the genome of F. vesiculosus may have been hampered.
I Although periwinkle-induced defenses show a certain degree of herbivore-specificity
on the gene expression level isopods were also deterred, indicating that differences
in gene regulation may have been caused by herbivore-specific signaling pathways
rather than by herbivore-specific defense traits.
I Fucus vesiculosus from the study site does not induce defenses in response to
water-borne cues from grazed conspecific neighbors, possibly due to the prevailing
environmental conditions which prevent that benefits outweigh putative costs of
»communication«.
9.4 Conclusion
This thesis provides evidence for a finely adjusted response of F. vesiculosus to isopod
and periwinkle attack based upon a temporally variable defense pattern, which is
accompanied by extensive transcriptomic changes. The induction of anti-herbivory
defenses involved a functional reorganization from anabolic to catabolic processes,
pointing towards costs affiliated to grazer deterrence. Furthermore, the expression of
several genes with putative defensive functions was increased primarily in response to
isopod attack. Some of these genes are also involved in defense responses of vascular
plants, indicating a certain resemblance between seaweed and plant defense responses
despite their evolutionary distance of at least 1 billion years.
Although L. obtusata and I. baltica elicited similar processes in F. vesiculosus, also
differences in the transcriptional response of F. vesiculosus to periwinkle and isopod
grazing were observed. However, as only few of these specifically induced genes had
known functions, drawing conclusions about cellular processes unique to one or the
other attacker is difficult. Since induced defenses showed a low specificity of effect, one
can only speculate that grazing by isopods and periwinkles may result in the production
of similar or even the same secondary metabolites. In this case, the observed differences
in gene regulation may have been caused by herbivore-specific signaling pathways rather
than by herbivore-specific defense traits.
Moreover, this thesis constitutes strong evidence against defense induction after
receiving info-chemicals in North Sea F. vesiculosus and, consequently, indicates that
the ability to »communicate« may vary among seaweed habitats depending on the
selective advantage for F. vesiculosus at the respective site.
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The knowledge about induced chemical anti-herbivory traits in the brown seaweed
F. vesiculosus, integrated in this thesis, initially casts light on important aspects
of the mechanism by which this seaweed counters herbivore attack. Such research
represents a further step towards the understanding of seaweed-herbivore interactions
and underscores their importance in intertidal communities.
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The results presented in this thesis revealed novel data about different aspects of the
induced anti-herbivory defense in F. vesiculosus and provide new starting points for
further research.
A major goal of future studies should be the investigation of anti-herbivory defenses in
field experiments to verify knowledge and concepts derived from laboratory experiments,
because most of our current knowledge about seaweed-herbivore interactions originates
from laboratory experiments, where seaweeds were kept detached from their natural
substratum. Results from these experiments may not necessarily represent the outcome
of seaweed-herbivore interactions in the natural environment.
Furthermore, to assess the generality of »pulsating« seaweed defenses, temporal
patterns of induced anti-herbivory traits should be investigated in other seaweed species.
As negative findings of previous studies screening for the induction of seaweed defenses
may be a consequence of a mismatch in the timing of feeding assays and defense »pulses«,
the re-evaluation of such studies may be necessary if oscillating defense patterns prove
to occur in more seaweed species.
Furthermore, this thesis demonstrates that grazing by periwinkles alters F. vesiculosus
traits that in turn modify the interaction between periwinkles and isopods. Such indirect
interaction linkages have the potential to scale up and influence community structure
and dynamics (Ohgushi 2008). Analyzing if and how induced defense traits cascade
up to higher trophic levels and thereby may have larger-scale consequences by altering
community composition and/or biodiversity is therefore a further aspect that should be
considered in future research concerning induced seaweed defenses.
In addition, exposing F. vesiculosus to multiple co-occurring grazer species will
enhance our understanding of whether the seaweed’s response to multiple attackers
differs from the response to a single attacker. Furthermore, trade-offs may occur when
different defense pathways are induced simultaneously. Thus, future studies should
expose F. vesiculosus to a multiple-attacker environment to assess whether trade-offs
are associated with induced defense responses.
Another interesting aspect for future research is the detailed investigation of differences
in the ability to »communicate« via water-borne cues among geographically separated
F. vesiculosus populations. We are still far from a comprehensive understanding of
the ecological relevance of information conveyance in marine communities and genetic
analysis would be a useful tool to elucidate whether the observed differences among
F. vesiculosus populations may be explained by local genetic adaptations to different
environmental conditions.
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The aim of this study was to give first indications about which genes and corresponding
biochemical pathways may underlie defense induction by providing a broad, general
overview of F. vesiculosus gene regulation in response to grazing. Based on the
presented microarray results, more in-depth studies should focus on a number of
genes from different functional categories (e.g. ›defense & stress response‹ and strong
regulated ›unknowns‹) and investigate these in detail, e.g. by quantitative real-time
PCR. Thereby, especially genes that were commonly regulated in response to both
isopod and periwinkle grazing are interesting candidates for further studies and should
also be examined for similar expression patterns in response to grazing by other herbivore
species (e.g. amphipods).
Once established expression patterns of putative defense genes may furthermore be
used as an improved method for detecting seaweed defenses in future studies. Hereby
the assessment of induced seaweed responses may become independent from feeding
assays. This is important since these assays determine seaweed palatability by using
living animals which often show a high degree of variability in their consumption
during feeding assays (e.g. Strong & Daborn, 1980, Tuomi et al., 1988). Moreover, the
possibility that defended seaweed pieces change their palatability during a 3 day feeding
assay cannot be fully excluded and/or defenses could be induced in control seaweeds
through the consumption of herbivores while the assay is conducted. A method to
assess induced defenses based on molecular analysis would therefore be of great benefit.
Moreover, a limitation of microarray analyses is that gene expression at the mRNA
level does not always correlate with expression at the protein level (e.g. Gygi et al.,
1999). Not all transcripts are necessarily translated and not all translated proteins are
functionally active (Schlichting & Smith, 2002). Thus, future studies should integrate
genomic, metabolomic and proteomic approaches to assess the »true« impact of the
observed gene expression changes and to gain a more detailed picture of cellular processes
which underlie the induction of anti-herbivory defenses in F. vesiculosus. In addition, a
comparative metabolomic study between grazed and non-grazed F. vesiculosus may
allow an estimation about the impact that genes with unknown function have on
F. vesiculosus physiology.
The results presented in this thesis hint at possible costs for defense induction.
Further studies should use different abiotic limitations and new approaches to (1) better
characterize costs involved in the production of deterrent seaweed metabolites and (2)
finally identify the substance(s) that play an ecological role in herbivore deterrence.
In this context, the identification and chemical characterization of induced defense
metabolites will allow a better assessment of costs associated with the production of
these metabolites and will furthermore be a further step in elucidating (1) whether or
not herbivore-specific defense traits are induced in response to periwinkle and isopod
grazing and (2) potential synergistic interactions among different bioactive metabolites.
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Figure 10.1: Seaweed defenses need to be studied at different levels of biological organization
to achieve a complete picture of inducible anti-herbivory responses from underlying cellular
processes to effects on the behavior of other members of the ecological community. Figure
modified from Dicke (2009).
Investigating the molecular background of seaweed-herbivore interactions is also essential
for predicting how organisms will respond to changes in their environment and how
species interactions may be altered by these changes (see also Nicotra et al., 2010).
Therefore, future studies should take into account that the biosphere is experiencing
increases in atmospheric CO2, reactive nitrogen, temperature, and UV-B radiation
(e.g. IPCC, 2007, McKenzie et al., 2007, Galloway et al., 2008), which may affect
primary productivity, seaweed nutritional quality, herbivore feeding and therefore most
probably also the outcome of seaweed-herbivore interactions (e.g. Weinberger et al.,
2011b, Harley et al., 2012).
In conclusion, future studies should aspire to provide a complete picture of the
processes involved during defense induction, from the perception of herbivore attack
and the transduction of signals within the seaweed to transcriptomic, metabolomic and
proteomic changes leading to the production of grazer-deterring secondary metabolites,
in a realistic environmental setting. Researchers should also take account of temporal
variations in induced defenses as well as seaweed-mediated interactions among different
herbivore species and potential effects of induced defenses on neighboring seaweeds
(Fig. 10.1). Such studies will constitute a further step towards achieving the grand
ambition of connecting genes, traits, populations, communities and ecosystems in ways
that improve our understanding of the ecology and evolution of marine species.
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